00 

<M 

CO 

05 

(St 

h* 

m 


j*0 

USAAMRDL  TECHNICAL  REPORT  71-26 
BEARING  AND  SEAL  TECHNOLOGY  REVIEW 


By 

A.  F.  Hiegel 


June  1871 


EUSTIS  DIRECTORATE 

II.  S.  ARMY  AIR  MOBILITY  RESEARCH  AND  DEVELOPMENT  LABORATORY 

FORT  EUSTIS,  VIRGINIA 

CONTRACT  DAAJ02-68-C-0001 

PRATT  &  WHITNEY  AIRCRAFT 
DIVISION  OF  UNITED  AIRCRAFT  CORPORATION 
FLORIDA  RESEARCH  AND  DEVELOPMENT  CENTER 
WEST  PALM  BEACH,  FLORIDA 


Approved  for  public  release; 
distribution  unlimited. 


Reproduced  by 

national  technical 
information  service 

Springfield,  Ve.  22151 


L 


J 


DISCLAIMERS 


The  findings  in  this  report  are  not  to  be  construed  as  an  official  Depart¬ 
ment  of  the  Army  position  unless  so  designated  by  other  authorized 
documents. 

When  Government  drawings,  specifications,  or  other  data  are  used  for 
any  purpose  other  than  in  connection  with  a  definitely  related  Government 
procurement  operation,  the  U.  S.  Government  thereby  incurs  no 
responsibility  nor  any  obligation  whatsoever;  and  the  fact  that  the 
Government  may  have  formulated,  furnished,  or  in  any  way  supplied  the 
said  drawings,  specifications,  or  other  data  is  not  to  be  regarded  by 
implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission,  to 
manufacture,  use,  or  sell  any  patented  invention  that  may  in  any  way  be 
related  thereto. 


DISPOSITION  INSTRUCTIONS 


Destroy  this  report  when  no  longer  needed.  Do  not  return  it  to  the 
originator. 


S'0»  r» 

ti 

»nt  ttCTwa  q. 

'iw«a 

m*  iccriu  a 
□ 

1/ 


*  <riM/inuunim 


t 


I _ 


UNCLASSIFIED 
Security  Classification 


T 


DOCUMENT  CONTROL  DATA  •  R  &  D 


I  oriiGiN.TiNG  activity  (Corporal.  author) 

Pratt  &  Whitney  Aircraft 

Division  of  United  Aircraft  Corporation 

Florida  Research  and  Development  Center 

West  Palm  Baach.  Florida 

2 a.  report  security  classification 

UNCLASSIFIED 

2b.  CROUP 

3  REPORT  TITLE 

Bearing  and  Seal  Technology  Review 

a  o E sc  rip  ti  vC  notes  (Typa  of  raport  and  Incluaiva  dataa) 

Final  Report 

5  Au  tmorisi  (Fit$i  nama,  mlddt a  Initial,  laat  nmma ) 


Arthur  F.  Hiegel 


6  REPORT  DATE 

June  1971 

la.  TOTAL  NO  OF  PACES 

125 

7b.  NO.  OF  REFS 

*•.  CONTRACT  OR  GRANT  NO 

9  a.  ORIGINATOR'S  REPORT  NUMBI  R|S) 

DAAJ02-68-C-0001 

• 

b.  PROJEC  T  NO 

USAAMRDL  Technical  Report  71-26 

Task  1G 163201 D44701 

_ 

c. 

96.  OTHER  REPORT  NOtSt  (Any  othat  num6«ri  that  may  ba  aaaignad  f, 

thia  raport)  y 

d 

PWA  FR-4189 

_ 

10  DISTRIBUTION  STATEMENT 


Approved  for  public  release;  distribution  unlimited. 


11  SUPPLEMENTARY  NOTES 

12  SPONSORING  MILITARY  ACTIVITY 

Eustis  Directorate 

US  Army  Air  Mobility  Research  and  Development 

Laboratory 

Fort  Eustis,  Virginia 

13  ABSTRACT 


Pratt  &  Whitney  Aircraft  large  and  small  engine  main  shaft  bearings  and  seats  were  reviewed  M)  to  identify  large  gas  turbine 
angina  bearing  and  seal  concepts  or  characteristics  which  are  applicable  to  small  gas  turbine  engines  of  the  2-10  Ib/sec 
airflow  size,  12)  to  define  large  engine  bearing  and  seal  design  standards  for  applicability  to  small  gas  turbine  engines,  (3)  to 
determine  suitable  factors  for  scaling  bearing  and  seat  technology  concepts  from  large  gas  turbine  engines  to  small,  2-10  lb/ 
sec  airflow  size  turbine  engines,  (4)  to  recommend  test  programs  to  provide  scaling  data  where  scale  factors  are  questionable, 
and  (5)  to  determine  what  bearing  and  seal  technology  is  lacking  for  advanced  small  engines. 

To  accomplish  this  task,  bearing  and  seal  characteristics  that  might  define  standard  design  practices  or  scale  factors  were 
selected.  After  collection  and  compilation  of  pertinent  data,  comparisons  were  made  to  establish  relationships  between 
engine  size  and  selected  bearing  and  seal  characteristics.  In  addition,  comparisons  of  selected  characteristics  of  large, 
mostly  twin-spool  engines  versus  small  engine  bearing,  seal,  and  rotor  dynamic  characteristics  were  made. 

As  a  result,  scale  factors  were  obtained  between  total  corrected  airflow  into  the  engine  and  several  low  rotor  baft  bearing 
characteristics.  Similarly,  high  rotor  roller  bearings  were  found  to  scale  with  corrected  airflow  into  the  high  compressor. 

In  general,  bearing  and  seal  size  was  foui.d  to  increase  with  engine  size. 

Although  scale  factors  were  obtained,  their  utilization  should  be  confined  to  preliminary  design  only.  This  recommendation 
is  made  because  of  the  many  areas  which  can  affect  bearing  design. 

Several  research  programs  are  recommended  to  provide  bearing  and  seal  technology  which  is  lacking  for  advanced  engines. 
These  programs  include  areas  such  as  advanced  bearing  and  seal  analysis  programs  as  well  as  seal  wear  and  roller  dynamics 
studies. 
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SUMMARY 


Pratt  &  Whitney  Aircraft  large  and  small  engine  main  shaft  bearings  and  seals 
were  reviewed  (1)  to  identify  large  gas  turbine  engine  bearing  and  seal  concepts 
or  characteristics  which  are  applicable  to  small  gas  turbine  engines  of  the 
2-10  Ib/sec  airflow  size,  (2)  to  define  large  engine  bearing  and  seal  design  standards 
for  applicability  to  small  gas  turbine  engines, (3)  to  determine  suitable  factors  for 
scaling  bearing  and  seal  technology  concepts  from  large  gas  turbine  engines  to 
small,  2-10  Ib/sec  airflow  size  turbine  engines,  (4)  to  recommend  test  programs  to 
provide  scaling  data  where  scale  factors  are  questionable,  and  (5)  to  determine  what 
bearing  and  seal  technology  is  lacking  for  advanced  small  engines. 

To  accomplish  this  task,  bearing  and  seal  characteristics  that  might  define 
standard  design  practices  or  scale  factors  were  selected.  After  collection  and 
compilation  of  pertinent  data,  comparisons  were  made  to  establish  relationships 
between  engine  size  and  selected  bearing  and  seal  characteristics.  In  addition, 
comparisons  of  selected  characteristics  of  large,  mostly  twin-spool  engines 
versus  small  engine  bearing,  seal,  and  rotor  dynamic  characteristics  were  made. 

As  a  result,  scale  factors  were  obtained  between  total  corrected  airflow  into  the 
engine  and  several  low  rotor  ball  bearing  characteristics.  Similarly,  high  rotor 
roller  bearings  were  found  to  scale  with  corrected  airflow  into  the  high  com¬ 
pressor.  In  general,  bearing  and  seal  size  was  found  to  increase  with  engine 
size. 

Although  scale  factors  were  obtained,  their  utilization  should  be  confined  to  pre¬ 
liminary  design  only.  This  recommendation  is  made  because  of  the  many  areas 
which  can  affect  bearing  design. 

Several  research  programs  are  recommended  to  provide  bearing  and  seal  tech¬ 
nology  which  is  lacking  for  advanced  engines.  These  programs  include  areas 
such  as  advanced  bearing  and  seal  analysis  programs  as  well  as  seal  wear  and 
roller  dynamics  studies. 
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COLLECTION  AND  COMPILATION  OF  DATA 


Existing  bearings  and  shaft  seals  of  three  small  gas  turbine  engines  (PT6A-27, 

JT12,  and  ST9)  and  six  large  engines  (JT3D,  JT8D,  JT9D,  TF30  P100,  JTF20, 
and  JTF22)  were  reviewed.  In  cases  of  multiple  engine  versions,  efforts  were 
made  to  utilize  latest  designs. 

A  survey  of  bearing  and  seal  characteristics  was  made  to  ensure  collection  of 
essential  bearing  and  seal  data  as  quickly  as  possible.  As  a  result,  prints  were 
accumulated  for  each  engine  bearing  and  seal.  These  prints  or  drawings  con¬ 
tain  essential  design  information  for  vendor  coordination  and  company  reference. 

Also,  several  characteristics  were  found  to  be  common  to  small  and  large 
engine  bearings  and  seals.  These  characteristics  often  change  with  flight  con¬ 
ditions.  For  this  reason,  sea  level  takeoff  (SLTO)  was  selected  as  the  basic 
flight  point  to  analyze,  because  it  is  a  common  flight  performance  point  shared 
by  all  engines. 

The  following  data  common  to  small  and  large  engine  bearings  were  accumu¬ 
lated  for  each  engine  bearing: 

1.  Operating  Clearance  or  Contact  Angle  at  SLTO 

Bearings  are  designed  to  operate  with  a  definite  amount  of  looseness 
or  diametral  internal  clearance.  For  roller  bearings,  this  radial 
or  diametral  internal  clearance  is  usually  a  nominal  0.0005  in.  to 
0.0015  in.  Main  shaft  ball  bearings  are  normally  split-race,  angu¬ 
lar  contact  bearings  because  of  extra  capacity,  easy  assembly,  and 
freedom  to  employ  a  one-piece  cage.  Ball  bearings  are  usually 
designed  to  operate  at  a  contact  angle  range  of  15  deg  to  30  deg 
depending  on  speed,  load,  thermal  environment,  and  life  require¬ 
ments.  Operating  clearance  or  contact  angle  is  one  of  the  most 
important  design  characteristics  of  a  bearing,  since  it  influences 
contact  stresses,  deflections,  load  distribution,  and  fatigue  life. 

2.  Methods  of  Lubrication  and  Cooling 

Since  bearings  separate  rotating  and  stationary  structures,  friction 
and  wear  from  the  relative  motion  of  metallic  surfaces  must  be 
minimized.  Methods  of  lubrication  and  cooling  are  extremely 
important  and  prevent  metal-to-metal  contact  by  establishing  an  oil 
film  and  by  removing  heat  generated. 

There  are  three  basic  methods  of  lubricating  and  cooling  bearings: 

(1)  oil  mist,  (2)  direct  oil  jet,  and  (3)  under-race  slots  with  optional  oil 
holes  at  split  race  of  ball  bearings  or  at  corner  relief  of  roller  bearings. 
For  each  bearing  application,  the  method  of  lubricating  and  cooling  must 
be  optimized  to  ensure  successful  operation  for  extended  periods  of  time. 
This  optimization  study  must  consider  loads,  speeds,  sizes,  environmental 
conditions,  cost,  and  lubricant  type. 
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3.  Bearing  Oil-Inlet  Temperature  at  SLTO 

Oil-inlet  temperatures  directly  affect  absolute  values  of  race 
temperatures,  because  the  removal  of  heat  generated  at  the 
contact  zone  of  the  bearing  is  reduced  as  oil  temperatures 
increase. 

Lubricant  properties  are  greatly  affected  by  bearing  temperatures. 
Temperatures  influence  oil  viscosity,  which  is  directly  related  to 
oil  film  thickness  at  the  rolling  element-raceway  contact  area.  Oil 
film  thickness  must  be  greater  than  surface  asperities,  or  surface 
distress  will  occur.  Therefore,  oil  inlet  temperatures  have  been 
controlled  to  provide  sufficient  oil  film  thickness.  Oil  inlet 
temperatures  have  been  maintained  between  180° F  and  300°  F. 

4.  Bearing  Race  Temperatures  at  SLTO 

Race  temperatures  are  extremely  important  for  design  purposes. 

The  principal  use  is  for  calculating  the  change  in  bearing  Internal 
clearance  to  establish  operating  contact  angle  or  internal  clearance. 
Accuracy  of  analytically  calculated  race  temperatures  is,  therefore, 
of  utmost  importance. 

Although  oil  inlet  temperatures  are  constant  in  the  majority  of  the 
engines,  race  temperatures  differ  because  of  variations  in  bearing 
size,  loads,  speeds,  and  lubrication  methods.  Inlet  oil  temperature 
is  the  principal  influence  on  the  magnitude  of  race  temperatures. 

The  lubrication  properties  of  oil  are  greatly  affected  by  bearing 
temperatures.  Temperatures  influence  oil  viscosity  that  is 
directly  related  to  oil  film  thickness  at  the  rolling  element¬ 
raceway  contact  area.  Oil  film  thickness,  by  necessity,  must 
be  greater  than  surface  asperities,  or  surface  distress  will 
occur.  Therefore,  oil  inlet  temperatures  must  be  controlled  to 
provide  sufficient  oil  film  thickness.  Race  temperatures  also 
affect  the  change  in  internal  clearance  of  a  bearing  during 
operation;  accuracy  of  analytically  calculated  race  temperature 
is,  therefore,  of  utmost  importance.  For  this  reason,  analytical 
methods  are  constantly  being  updated  to  relate  the  effects  of 
bearing  loads,  speed,  size,  and  oil  inlet  temperatures. 

Rig  testing  various  size  bearings  under  a  wide  range  of  loads,  speeds, 
lubricants,  and  lubricant  temperatures  has  provided  inner  and  outer 
race  temperature  data.  These  data,  coupled  with  a  dimensionless 
heat  transfer  analysis,  which  considers  friction,  oil  churning,  and 
viscous  drag,  have  established  a  prediction  system  for  determining 
race  temperatures.  This  prediction  system  is  scalable  to  the  extent 
that  expected  heat  generation  for  small  or  large  bearings  is  deter¬ 
mined  from  previous  small  or  large  bearing  rig  testing. 


2 


rr 


5.  Radial  Loads  (1  g  and  rotor  response  loads  at  SLTO) 

Rotor,  disc,  and  blade  weights  must  be  supported  by  bearings 
and  passed  on  to  the  supporting  structure.  These  loads  are 
caused  by  gravity  and  are  called  Mg”  loads. 

Although  rotors  are  dynamically  balanced  before  operation,  a 
zero  unbalance  can  never  be  achieved.  Furthermore,  discs 
slip  on  the  shaft  during  operation  and  cause  additional  unbalance. 
The  resulting  radial  loads  caused  by  shaft  unbalance  are  called 
rotor  response  loads  and  must  be  supported  by  bearings  and 
housing  structures. 

Response  and  gravity  loads  must  be  anticipated  during  design 
to  evaluate  their  effects  on  bearing  life. 

6  Maximum  Maneuver  Loads 

When  an  airplane  undergoes  a  maneuver  condition,  large  radial 
loads  result  from  gyroscopic  moments.  These  radial  loads  are 
called  maneuver  loads.  They  must  be  transferred  through  the 
bearings  to  the  supporting  structure  of  the  bearings.  In  such  cases, 
bearings  are  required  to  structurally  withstand  resulting  maneuver 
loads  without  fracture  or  permanent  indentation. 

Maneuver  loads  are  functions  of  engine  speed  and  shaft  inertia, 
which  are  governed  by  engine  design  requirements.  For  example, 
commercial  planes  are  often  required  to  maneuver  through  a 
1-rad/sec  turn  without  engine  failure;  stiffer  requirements,  such  as 
a  3-1/2-rad/sec  maneuver,  are  sometimes  imposed  in  military 
applications.  In  such  cases,  bearings  are  required  to  structurally 
withstand  resulting  maneuver  loads  without  fracturing. 

Small  engine  bearings  have  lower  maneuver  load  requirements  than 
large  engine  bearings.  With  this  exception,  no  correlation  between 
engine  size  (corrected  airflow)  and  bearing  maneuver  load  was 
found. 

7.  Preloaded  Bearings 

High-speed  ball  or  roller  bearings,  which  have  small  anticipated 
thrust  or  radial  loads,  respectively,  are  generally  preloaded. 
Preloading  is  required  to  ensure  a  minimum  contact  load  to  pre¬ 
vent  the  bearing  elements  from  sliding  or  skidding. 

Method  of  preloading  is  constant  regardless  of  engine  size.  A 
duplex-mounted  ball  bearing  and  an  out-of-round  outer  race  roller 
bearing  are  utilized  to  obtain  preload  in  engines.  The  amount  of 
preload  is  variable  and  depends  on  bearing  size  and  engine  duty 
cycle  requirements  which  affect  speeds  and  loads.  The  amount  of 
preload  cannot  be  directly  scaled  for  this  reason. 
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Analysis  techniques  are  utilized  to  predict  the  amount  of  preload 
necessary  to  prevent  skidding.  The  same  analytical  relationships 
are  used  for  determining  proper  preload  for  engine  bearings 
regardless  of  size.  Techniques  consider  bearing  size,  loads, 
speeds,  lubricant  temperature,  and  roller  bearing  flexible 
structure. 

8.  Bearing  Thrust  Load  at  SLTO 

Pressure  gradients  across  compressor  blades,  turbine  blades, 
and  labyrinth  seals  result  in  axial  shaft  loads  or  ball  bearing 
thrust  loads.  Definite  pressure  gradients  are  required  through¬ 
out  the  engine  for  cooling  purposes,  engine  thrust,  and  minimum 
shaft  thrust  load  to  prevent  ball  bearing  skid. 

Thrust  loads  affect  bearing  life  and  internal  kinematics.  For  this 
reason,  proper  bearing  thrust  load  is  an  important  design  consid¬ 
eration.  Bearing  thrust  loads  cannot  be  scaled,  since  minimum 
thrust  load  to  prevent  skid  and  maximum  thrust  load  to  obtain 
satisfactory  life  must  be  determined  for  each  bearing  application. 

These  data  are  presented  in  Tables  I  through  IX, 

The  following  standard  design  practices  can  be  defined  from  these 
data: 


a.  Roller  bearings  are  designed  with  a  nominal  internal  operating 
clearance  of  0.0005  in.  to  0.00015  in. 

b.  Split-race,  angular  contact  ball  bearings  are  usually 
designed  to  operate  at  a  contact  range  of  15  deg  to  30  deg. 

c.  Bearing  oil-inlet  temperatures  have  been  maintained 
between  180°  F  and  300°  F. 

d.  Race  temperatures  are  primarily  dependent  on  oil  inlet 
temperature. 

e.  Maneuver  loads  are  functions  of  engine  speed  and  shaft 
inertia,  which  are  governed  by  engine  duty  cycle  requirements. 

f.  Method  of  preloading  bearings  in  engines  is  constant  regard¬ 
less  of  engine  size.  A  duplex-mounted  ball  bearing  and  an 
out-of-round  outer  race  roller  bearing  are  utilized  to  obtain 
preload  in  an  engine.  Amount  of  preload  is  not  constant 

but  is  dependent  on  size  and  duty  cycle  requirements. 

g.  Sufficient  thrust  load  must  be  applied  to  high-speed  ball 
bearings  to  prevent  skid. 
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Similarly,  the  following  data  common  to  small  and  large  engine  seals  were 
accumulated  for  each  engine  seal: 

1.  Pressure  Gradient  at  SLTO  and  Pressure  Gradient  Range 

The  chief  purpose  of  shaft  seals  is  to  prevent  the  bearing  compart¬ 
ment  lubricant  from  leaking  into  the  engine  airpath.  Air  pressures 
surrounding  a  bearing  compartment  are  designed  to  be  greater  than 
pressures  inside  the  compartment.  This  prevents  oil  from  being 
blown  out  of  the  compartment  while  complementing  the  sealing 
force  of  the  seal.  Pressure  gradient  at  SLTO  has  been  below  100  psi. 

Pressure  gradient  range  is  an  important  seal  design  factor,  since  the 
pressure  gradient  must  be  large  enough  to  prevent  oil  leaks  and  also 
small  enough  to  eliminate  excessive  sealing  force,  which  causes 
large  seal  wear. 

2.  Methods  of  Lubrication  and  Cooling 

Compartment  oil  is  normally  utilized  to  remove  frictional  heat 
generated  at  the  seal  plate  -  seal  face  surface.  At  high  rubbing 
velocities,  tremendous  wear  may  occur  unless  the  seal  rubbing 
surface  is  lubricated. 

Three  basic  methods  of  lubricating  and  cooling  seals  are:  (1)  oil 
mist  or  oil  jet  directed  at  seal  plate,  (2)  oil  holes  in  seal  plate  for 
cooling  and  oil  mist  for  lubrication,  and  (3)  oil  holes  in  seal  plate 
for  cooling  and  at  the  rubbing  surface  for  lubrication.  For  each 
application,  the  methods  of  lubrication  and  cooling  are  optimized 
to  ensure  smooth  seal  operation  for  extended  periods  of  time. 

Rubbing  speeds,  pressure  gradient  range,  and  thermal  environment 
must  be  examined  to  provide  proper  cooling  and  lubrication. 

3.  Seal  Air  Temperature  at  SLTO 

One  of  the  principal  environmental  considerations  in  seal  design 
is  the  temperature  of  the  air  surrounding  the  bearing  compartment. 
Air  temperature  is  usually  greater  than  the  bearing  compartment 
temperatures  and  must  be  sealed  out  to  prevent  excessive  oil 
temperatures.  At  the  present  time,  air  temperatures,  where 
possible,  are  maintained  below  1000°  F. 

4.  Seal  Spring  Load 

To  ensure  sealing  during  all  flight  conditions  including  low  pressure 
gradient  points,  face  pressure  is  maintained  by  a  spring.  (This 
spring  load  is  specified  in  terms  of  load  per  inch  of  seal  face  mean 
or  pitch  diameter.)  A  constant  spring  load  per  inch  of  diameter  has 
been  established  from  past  experience  for  most  seal  applications. 

This  is  independent  of  engine  size. 
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These  data  are  shown  in  Tables  X  through  XVII. 

The  following  standard  design  practices  can  be  defined  from  these 
data: 

1.  Pressure  gradient  at  SLTO  has  been  maintained 
below  100  psi. 

2.  Seal  air  temperatures  have  been  maintained 
below  1000°  F,  where  possible. 

3.  Spring  load  per  inch  of  diameter  is  constant, 
regardless  of  engine  size. 

This  compilation  of  general  data  laid  the  foundations  for  selection  of  bearing 
and  seal  characteristics  common  to  both  large  and  small  engines. 

In  all,  48  bearing  and  42  seal  positions  in  nine  gas  turbine  engines  were  examined. 
Also,  separate  manufacturers  or  vendors  for  each  bearing  position  were  con¬ 
sidered;  this  resulted  in  an  examination  of  92  bearings. 

The  accumulation  of  general  bearing  and  seal  data  resulted  in  a  selection  from 
prints  of  characteristics  common  to  both  large  and  small  engine  bearings  and 
seals.  As  a  result,  the  following  bearing  characteristics  were  collected  for  each 
engine  bearing: 

1.  Envelope  dimensions 

a.  Inner  diameter  or  bore  diameter 

b.  Outer  diameter 

c.  Width  of  inner  raceway 

d.  Width  of  outer  raceway 

2.  Bearing  type 

3.  Element  number  or  complement 

4.  Element  size 

a.  Diameter 

b.  Length 

c.  Flat  length 

d.  Crown  radius 
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e.  Crown  drop 

f.  Gage  point  for  crown  drop  measurement 

g.  Corner  radius 

5.  Pitch  diameter 

6.  Ball  bearing  -  inner  and  outer  raceway  curvatures 

7.  Cage  type 

8.  Roller  i/d  (ratio  of  roller  length  to  diameter) 

Figures  1  through  3  illustrate  the  above  characteristics. 

Many  of  these  characteristics  are  specified  in  Tables  XVIII  through  XXVI. 
Similarly,  the  following  characteristics  were  obtained  for  each  engine  seal: 

1.  Seal  type 

2.  Pitch  diameter 

3.  Face  width 

4.  Nose  width 

5.  Pressure  balance  ratio 

6.  Secondary  seal  type 

7.  Method  of  spring  loading 

Many  of  these  characteristics  are  presented  in  Tables  XXVII  through  XXXIV. 

This  review  resulted  in  the  accumulation  of  1656  characteristics  for  the  92  bearings 
and  294  characteristics  for  the  42  seals. 

The  following  engine  performance  and  rotor  dynamic  characteristics  possibly 
related  to  bearing  and  seal  design  were  gathered: 

1.  Corrected  airflow  into  the  engine  and  high  compressor  at  SLTO 

(Corrected  airflow  is  defined  mathematically  as:  Corrected 
Airflow  =  u^s/ir/b ,  where  u>a  is  the  physical  inlet  airflow  in  lb/sec 
(pps),  0  is  the  ratio  of  the  temperature  at  a  specific  engine  location 
to  the  temperature  on  a  standard  day,  and  6  is  the  ratio  of  the  pres¬ 
sure  at  a  specific  engine  location  to  the  pressure  on  a  standard  day.) 

2.  Rotor  speed  at  SLTO 
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3.  Shaft  critical  speeds 

4.  Damped  bearings 

5.  Engine  design  life 

6.  Engine  thrust  with  and  without  augmentation  at  SLTO 

7.  Engine  weight  with  and  without  augmenter 

8.  Thrust  specific  fuel  consumption  (tsfc)  with  and  without  augmentation 
at  SLTO 

(tsfc  is  defined  by:  tsfc  =  u)  p/Tp,  w^ere  Wp  is  the  fuel  flow 
in  lb/hr  and  Tp  is  the  net  thrust  in  Ibf. ) 

9.  Engine  thrust  to  weight  ratio  at  SLTO 

10.  Maximum  compressor  blade  tip  speed 

These  engine  performance  and  rotor  dynamic  characteristics  are  shown  in 
Table  XXXV. 

After  basic  bearing  and  seal  characteristics  were  obtained  from  prints,  additional 
parameters  that  gage  bearing  and  seal  performance  were  calculated.  These 
parameters  were  selected  because  of  the  possibility  of  defining  standard  design 
practices  or  scale  factors. 

It  was  felt  that  scale  factors,  if  existent,  would  have  to  be  functions  of  parameters 
that  are  common  to  bearing  and  seal  designers.  Concentrated  efforts  were  applied 
to  establish  scale  factors  for  common  design  parameters. 

Simple  computer  programs  were  written  to  calculate  the  following  design  and 
performance  characteristics  common  to  both  large  and  small  engine  bearings 
and  seals: 


1.  Dynamic  capacity  is  that  constant  radial  load  which  a  group  of 
apparently  identical  bearings  with  stationary  outer  ring  can  endure 
for  one  million  inner  ring  revolutions  without  fatigue. 

2.  Approximate  bearing  weight. 

3.  DN  is  the  product  of  the  bearing  bore  in  millimeters  times  the 
maximum  shaft  speed  in  rpm;  this  parameter  serves  as  a  guide  for 
limiting  shaft  speed  or  bearing  bore.  It  is  a  measure  of  the  relative 
motion  of  the  bearing  with  respect  to  the  engine  axis. 

4.  Element  rotational  speed  is  the  speed  of  the  ball  or  roller  about  the 
element  axis  of  rotation. 
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5.  Element-to-cage  sliding  velocity  is  the  velocity  of  the  element 
with  respect  to  the  cage. 

6.  Cage -to-guiding  surface  sliding  velocity  is  the  velocity  of  the  cage 
relative  to  the  guiding  raceway. 

7.  DmN  is  the  product  of  the  pitch  diameter  and  shaft  speed.  Similar 
to  DN,  it  is  a  measure  of  the  motion  of  the  pitch  circle  of  the 
bearing  relative  to  the  engine  axis. 

8.  d/Dm  is  the  ratio  of  the  element  diameter  to  the  pitch  diameter. 

This  is  basically  a  differentiation  of  bearing  series. 

2 

9.  nd  or  nd^  is  the  product  of  the  number  of  elements  or  complement, 
element  diameter,  and  the  element  length  or  diameter  depending 
on  bearing  type.  This  is  a  relative  measure  of  bearing  capacity. 

10.  Roller  i/d  is  the  ratio  of  the  length  to  diameter  of  the  element  of  a 
roller  bearing.  This  is  an  intrinsic  characteristic  of  each  roller 
bearing.  This  parameter  is  related  to  capacity  as  well  as  optimized 
bearing  dynamics. 

11.  Pitch-line  velocity  is  the  velocity  of  the  cage  and  rolling  elements 
relative  to  the  bearing  axis  of  rotation. 

12.  Element  centrifugal  load  is  the  radial  force  created  by  the  motion 
of  the  elements  about  the  bearing  axis  of  rotation. 

13.  Maximum  element  centrifugal  load-induced  stress  is  the  maximum 
contact  stress  caused  by  element  centrifugal  load. 

14.  The  rpm  for  constant  centrifugal  load-induced  stress  is  the  shaft 
speed  required  to  produce  a  constant  contact  stress  due  to  element 
centrifugal  load. 

15.  Fatigue  life  is  the  number  of  hours  at  specific  load  and  speed  con¬ 
ditions  that  90%  of  a  group  of  bearings  will  complete  before  evidence 
of  fatigue  develops.  This  is  an  important  design  factor,  since 
engine  requirements  usually  dictate  bearing  life  and,  hence,  affect 
bearing  size. 

16.  Face  sliding  or  rubbing  velocity  is  the  velocity  of  the  seal  face  relative 
to  the  seal  runner.  This  is  a  gauge  of  limiting  seal  speed  and  size. 

17.  iiPV  value  is  the  product  of  the  pressure  gradient  across  the  seal 
and  the  rubbing  velocity.  This  is  a  measure  of  seal  capability. 

18.  PV  value  is  the  product  of  the  seal  face  pressure  and  seal  rubbing 
velocity. 
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19.  Face  pressure  due  to  spring  load  is  the  seal  face  pressure  caused 
by  spring  load. 

20.  Total  face  pressure  is  the  sum  of  the  seal  face  pressures  due  to 
spring  force  and  pressure  gradients. 

21.  Spring  force  per  inch  of  diameter  is  the  ratio  of  the  total  spring 
force  to  the  pitch  diameter  of  the  seal  face. 

These  characteristics  are  specified  in  Tables  XXXVI  through  XXXVIII. 

Collected  and  calculated  bearing  and  seal  parameters  totaled  3036  for  the  92 
bearings  and  840  for  the  42  seals. 
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COMPARISONS 


An  extensive  study  was  made  to  establish  possible  relationships  between  engine 
size  and  selected  bearing  and  seal  characteristics.  To  relate  engine  size  to 
bearing  and  seal  design,  the  following  performance  characteristics  were 
examined: 

1.  Engine  thrust  at  sea  level  takeoff 

2.  Engine  thrust-  to  -weight  ratio  at  sea  level  takeoff 

3.  Thrust  specific  fuel  consumption  at  sea  level  takeoff 

4.  Maximum  compressor  blade  tip  speed 

5.  Corrected  engine  airflow  at  sea  level  takeoff 

6.  Specific  inlet  airflow  (ratio  of  total  corrected  inlet  airflow  to 
inlet  area) 

Except  for  corrected  engine  airflow,  correlations  were  not  obtained.  This  was 
attributed  to  the  differences  in  duty  cycle  and  engine  augmentation  requirements, 
which  considerably  affect  engine  thrust,  thrust-to-weight  ratio,  and  thrust  spe¬ 
cific  fuel  consumption.  Maximum  compressor  blade  tip  speed  for  axial  flow 
compressors  and  specific  inlet  airflow  are  nearly  constant. 

Total  corrected  airflow  into  the  engine  was  compared  with  the  following  selected 
bearing  characteristics:  bore  diameter,  bearing  DN,  approximate  bearing  weight, 
DmN,  nd2  or  nd  d  ,  d/Dm,  element  centrifugal  load,  maximum  stress  caused  by 
element  centrifugal  load,  and  rpm  for  constant  centrifugal  load  induced  stress. 

Comparison  of  bore  diameter  vs  total  corrected  airflow  into  the  engine  (Figure  4) 
showed  that  low  rotor  ball  bearings  increase  in  size  with  increased  engine  size 
or  airflow. 

A  straight  line  relationship  was  obtained  between  total  corrected  airflow  into  the 
engine  and  low  rotor  ball  bearing  nd2,  a  measure  of  bearing  capacity  (Figure  5). 
This  linear  equation  exhibited  an  increase  in  ball  bearing  nd2  with  engine  size. 
These  relationships  were  valid  for  all  engines  except  one  large  engine  (the 
JT9D)  and  the  two  small  engines  with  centrifugal  compressors  (the  PT6A-27, 
and  ST9).  Similarly,  approximate  low  rotor  ball  bearing  weight  was  found  to 
increase  with  total  corrected  engine  airflow. 

The  principal  result  of  these  comparisons  was  that  low  rotor  ball  bearings  in¬ 
crease  in  size  linearly  with  engine  size. 

Comparisons  between  corrected  airflow  into  the  high  compressor  and  selected 
high  rotor  bearing  characteristics  were  also  made.  The  three  small  engines 
(PTGA-27,  JT12,  and  ST9)  were  not  included  in  the  comparisons,  since  these 
engines  either  do  not  have  high  compressors  or  have  centrifugal  compressors. 
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The  general  result  of  the  comparisons  was  an  expected  increase  in  high  rotor 
roller  bearing  size,  bore  diameter,  approximate  roller  bearing  weight,  and  roller 
centrifugal  load  with  increasing  corrected  airflow  into  the  high  compressor. 

Figure  (j  shows  the  increase  in  high  rotor  roller  bearing  bore  diameter  with 
corrected  airflow  into  the  high  compressor.  A  linear  relationship  was  obtained. 
Other  comparisons  failed  to  show  significant  correlations. 

The  total  corrected  airflow  into  the  engine  and  into  the  high  compressor  was  com¬ 
pared  with  the  following  selected  low  and  high  rotor  seal  characteristics:  pitch 
diameter,  pressure  gradient,  seal  air  temperature,  face  sliding  velocity,  PV 
value,  and  pressure  gradient  range. 

These  comparisons  showed  that  seal  pitch  diameter  has  generally  increased  with 
increasing  corrected  airflow  into  the  fan  and  high  compressor.  (See  Figures  7 
and  8.)  Hence,  seals,  like  bearings,  were  found  to  increase  with  engine  size. 

Seal  rubbing  velocity,  a  relative  measure  of  seal  operating  severity,  and  PV 
value  have  increased  in  magnitude  with  improved  seal  technology  and  engine 
requirements.  Other  correlations  were  not  obtained. 

The  following  selected  characteristics  of  large  vs  small  engine  bearings  were 
analyzed: 

1.  Bore  diameter  vs  shaft  speed,  pitch  line  velocity,  and  pitch  diameter 

2.  Element  rotational  velocity  vs  pitch  diameter 

3.  DN  vs  DmN,  method  of  cooling,  and  method  of  lubrication 

4.  Pitch  diameter  vs  element  diameter,  nd2  or  nd  i  maximum  stress 
developed  by  centrifugal  load,  and  rpm  for  constant  centrifugal  load 
induced  stress 

5.  Element-to-cage  sliding  velocity  vs  pitch  diameter 

6.  Cage-to-guiding  surface  sliding  velocity  vs  pitch  diameter  and  d/Dm 
cos  a  (where  a  is  mounted  contact  angle) 

7.  Shaft  speed  vs  d/Dm,  roller  H  /d,  method  of  cooling,  and  method  of 
lubrication 

8.  DmN  vs  roller  1 1 d 

9.  d/Dm  vs  nd2  or  nd$ 

10.  Dm  vs  d/Dm 

11.  nd2  or  nd l  vs  maximum  stress  developed  by  centrifugal  load  and 
rpm  for  constant  centrifugal  load  induced  stress 
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12.  Element  diameter  vs  maximum  stress  developed  by  centrifugal 
load  and  rpm  for  constant  centrifugal  load  induced  stress 

Correlations  were  found  in  some  comparisons  as  listed  and  discussed  below: 

1.  DN  experience  curve  for  main  shaft  bearings  at  sea  level  takeoff 
is  shown  in  the  comparison  of  bore  diameter  vs  inner  race  speed 
(Figure  9). 

2.  Element  rotational  speed  vs  pitch  diameter  (Figures  10,  11  and  12) 
separated  into  three  distinct  bands:  low  rotor  bearings,  high 
rotor  ball  bearings,  and  high  rotor  roller  bearings. 

Element  rotational  speeds  of  some  large  engine  bearings  were 
equal  to  those  of  small  engine  bearings.  For  this  reason,  small 
and  large  engine  bearings  were  indistinguishable,  except  by  the 
magnitude  of  the  bearing  pitch  diameter. 

In  each  band,  element  rotational  speed  was  found  to  generally 
increase  as  pitch  diameter  decreased.  This  was  expected,  since 
shaft  speeds  generally  increase  as  engine  size  and  bearing  size 
dec rease. 

For  constant  pitch  diameter,  element  rotational  speed  was  greater 
for  high  rotor  roller  bearings  than  ball  bearings. 

3.  All  bearings  were  contained  in  a  definite  band  in  a  comparison  of 
pitch  diameter  vs  bore  diameter.  (See  Figure  13.) 

A  reference  line  was  drawn  through  the  points;  an  additional  line 
was  drawn  at  45  deg  to  represent  the  theoretical  case  where  pitch 
diameter  would  equal  bore  diameter.  The  distance  between  lines 
represented  the  bearing  cross  section  thickness  and  shows  a  15% 
greater  increase  than  the  bore  diameter. 

4.  Comparison  of  pitch  diameter  with  nd^  and  nd/  exhibited  increased 
bearing  capacity  with  increased  pitch  diameter.  (See  Figures  14 
and  15.)  This  was  expected,  since  a  larger  pitch  diameter  allows 
more  space  for  an  increase  in  the  bearing  complement,  the  element 
diameter,  or  both. 

5.  Comparison  of  DmN  vs  d/Dm  separated  into  two  bands,  one 
for  roller  bearings  and  one  for  ball  bearings.  The  majority 
of  roller  bearings,  regardless  of  engine  size  or  shaft  location, 
were  bounded  between  d/Dm  of  0.  075  and  0. 11,  as  shown  in 
Figure  16.  Similarly,  the  a  majority  of  the  ball  bearings  were 
bounded  between  d/Dm  of  0. 115  and  0. 14,  as  shown  in  Figure  17. 

6.  Roller  L/D  ratio  has  been  principally  designed  between  0.95  and 
1.20.  As  shown  in  Figure  18,  almost  50%  of  all  rollers  studied 
had  an  L/D  ratio  between  0.95  and  1.00. 
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7.  Design  limit  on  bearing  cooling  and  lubrication  by  oil  mist 

vs  positive  methods,  such  as  direct  jet  or  under  race  oil  slots, 
was  constant. 

Other  comparisons  failed  to  show  significant  correlations. 

The  following  selected  characteristics  of  large  vs  small  engine  seals  were  compart'd 

1.  Pressure  balance  ratio  vs  pitch  diameter 

2.  Face  pressure  caused  by  spring  load  vs  pitch  diameter 

3.  Total  face  pressure  vs  pitch  diameter 

4.  Spring  load  vs  pitch  diameter 

5.  Face  pressure  caused  by  spring  load  vs  face  sliding 
velocity 

6.  Face  sliding  velocity  vs  total  face  pressure,  method  of  cooling, 
method  of  lubrication,  and  pressure  gradient 

7.  Face  width  vs  pitch  diameter 

8.  Pressure  gradient  vs  pitch  diameter,  method  of  cooling,  and 
method  of  lubrication 

9.  Spring  force/in.  of  diameter  vs  pressure  gradient 

10.  Pitch  diameter  vs  shaft  speed  and  PV  value 

11.  Shaft  speed  vs  spring  force/in.  of  diameter 

12.  Pressure  gradient  range  vs  method  of  cooling  and  method  of 
lubrication 

Results  of  the  comparisons  were: 

1.  Face  rubbing  velocity  vs  total  face  pressure  and  pressure 
gradient  vs  pitch  diameter  (Figures  19  and  20,  respectively) 
showed  a  wide  band  of  points  with  a  tendency  to  increase. 

Due  to  the  width  of  these  bands,  no  exact  correlations  could 
be  made. 

2.  Design  limit  on  seal  plate  cooling  and  lubrication  by  oil 
mist,  as  opposed  to  positive  methods,  was  constant. 

3.  Pressure  balance  ratio,  seal  face  width,  seal  nose  width, 
and  spring  force/ in.  of  diameter  were  constant  regard¬ 
less  of  engine  size.  Other  significant  results  were  not 
obtained. 
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ROTOR  DYNAMIC  CHARACTERISTICS 


In  addition  to  defining  standard  design  practices,  large  vs  small  engine  rotor 
dynamic  characteristics  listed  and  discussed  below  were  evaluated  for  possible 
relationships. 

BEARINGS  PER  SHAFT 


In  general,  long  engines  have  three  bearings  per  shaft  and  several  intershaft 
bearings;  shorter  engines  have  either  two  or  three  bearings  per  shaft.  The 
present  trend  in  shaft  dynamics  is  to  have  two  bearings  per  shaft.  More  than 
two  bearings  can  result  in  shaft  alignment  problems. 

During  engine  design,  the  exact  number  of  bearings  required  is  determined  by  a 
thorough  critical  speed  analysis. 

ENGINE  CRITICAL  SPEEDS 

All  new  engine  rotor  designs  are  analyzed  with  realistic  support  and  case  structures 
using  critical  speed  analysis  with  strain  energy  consideration.  The  purpose  of 
the  analysis  is  to  obtain  shaft  critical  speeds  and  rotor  response. 

Critical  speed  analysis  is  dependent  on  shaft  stiffness,  bearing  stiffness,  bearing 
location,  and  number  of  bearings,  as  well  as  disc,  shaft,  and  blade  inertias.  For 
this  reason,  past  attempts  to  relate  shaft  critical  speed  or  shaft  sensitivity  of 
one  engine  to  another  have  failed.  A  possible  relationship  between  shaft  sensitivity 
and  shaft  speed  to  weight  ratio  may  exist,  but  extensive  vibration  and  rotor 
dynamic  studies  would  be  required  to  define  this  relationship. 

New  engines  have  a  greater  shaft  slenderness  (length  to  diameter)  ratio  compared 
to  old  engines.  For  this  reason  alone,  critical  speeds  are  not  scalable. 

DAMPED  BEARINGS 

When  critical  speeds  occur  within  the  flight  envelope,  bearing  response  loads  can 
become  large.  To  design  out  of  the  critical  speed  region,  bearing  supports  are 
usually  "softened."  This  reduces  shaft  critical  speed  below  flight  speed  require¬ 
ments.  The  shaft  can  then  accelerate  through  the  critical  speed  mode  without 
vibration  problems. 

To  provide  softer  supports,  damped  bearings  are  utilized.  Methods  of  damping 
are  constant.  Roller  bearings  are  oil-damped  or  floated  on  a  thin  film  of  oil. 

Ball  bearings  are  designed  with  a  "hairspring"  support  or  a  "hairspring"  oil  film 
combination.  Expert  structural  and  bearing  design  is  required  to  establish 
manufacturing,  deflection,  stress,  and  raceway  ovalization  limitations. 

The  necessity  for  damped  bearings  has  been  principally  created  by  the  shaft 
sensitivity  of  advanced  small,  high-speed  engines.  This  is  because  damped  bearing 
requirements  are  related  to  shaft  sensitivity  caused  by  (1)  rotating  unbalance, 

(2)  shaft  speed  to  weight  ratio,  and  (3)  shaft  stiain  energy.  A  comprehensive 
vibration  analysis  would  be  required  to  establish  firm  relationships. 
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INVESTIGATION  OF  SCALE  FACTORS 


Low  rotor  ball  bearings  were  found  to  scale  with  total  corrected  airflow  into  the 
engine;  similarly,  high  rotor  roller  bearings  scaled  with  corrected  airflow  into 
the  high  compressor.  Scale  factors  were  found  applicable  to  conventional  engine 
designs  with  axial  flow  compressors. 

Scale  factors  were  establi  died  by  obtaining  ratios  of  selected  bearing  and  seal 
characteristics  vs  ratios  of  engine  airflow.  Sea  level  takeoff  was  chosen  as 
the  operating  condition  because  it  is  common  to  all  engines.  The  purpose  of  the 
ratios  was  to  graphically  establish  linear  or  polynomial  relationships  between 
selected  bearing  and  seal  characteristics  of  large  and  small  engines.  Scale 
factors  could  then  be  formulated  as  the  slopes  of  resulting  straight  or  bounding 
lines. 

A  simple  computer  program  was  written  to  calculate  and  tabulate  the  ratios  of 
selected  bearing  and  seal  characteristics  for  the  study  engines  at  sea  level 
takeoff.  Ratios  were  obtained  with  respect  to  ST9  bearing  and  seal  characteristics; 
but  regardless  of  which  engine  was  used  as  a  basis,  the  ratios  would  have  re¬ 
mained  in  the  same  relative  positions. 

The  ST9  and  PT6A-27  engines  have  power  turbine  and  gas  generator  shafts 
instead  of  the  usual  low  and  high  rotor  shafts.  Because  of  speed  and  size,  the 
power  turbine  shafts  were  considered  as  low  rotor  shafts.  For  similar  reasons, 
the  gas  generator  shafts  were  considered  as  high  rotor  shafts. 

To  ratio  bearing  and  seal  characteristics,  a  ball  and  a  roller  bearing  were 
needed  for  each  shaft.  The  ST9  power  turbine  shaft  has  three  bearings  (single 
and  duplex  ball  bearings  and  one  roller  bearing);  the  gas  generator  shaft  has 
a  ball  and  a  roller  bearing.  The  No.  2  duplex-mounted  ball  bearing  (engine 
bearing  order  is  established  by  progressive  numbers  from  front  of  engine)  was 
designed  to  provide  engine  maintainability,  to  alleviate  critical  speed  problems, 
to  support  installation  loads,  and  to  locate  the  power  drive  shaft.  These  special¬ 
ized  purposes  made  scaling  impractical.  Hence,  the  No.  2  bearing  was  not 
utilized  to  obtain  low  rotor  ball  bearing  ratios  in  the  analysis. 

Earlier  studies  tried  to  establish  relationships  between  engine  size  and  selected 
bearing  and  seal  characteristics.  Except  for  corrected  airflow,  correlations 
between  bearing  and  seal  selection  and  engine  size  were  not  obtained.  In  a  study 
to  establish  scale  factors  between  engine  size  and  selected  bearing  and  seal 
characteristics,  only  corrected  airflow  was  considered.  The  total  corrected 
airflow  ratio  was  compared  with  the  following  ratios:  bearing  bore  diameter, 
nd2ornd(7,  bearing  weight,  bearing  capacity,  d/Dm,  DN,  DmN,  pitch  diameter, 
element  diameter,  pitch-line  velocity,  centrifugal  load,  element  rotational  speed, 
element-to-cage  rubbing  velocity,  cage-to-land  rubbing  velocity,  ratio  of  maximum 
stress  developed  by  centrifugal  load,  and  rpm  ratio  from  constant  centrifugal  load 
induced  stress. 

Ratios  of  selected  bearing  characteristics  (DmN,  pitch  line,  element  rotational 
speed,  element-to-cage  rubbing  velocity,  and  cage-to-land  rubbing  velocity)  were 
found  to  generally  decrease  with  increasing  airflow  ratios. 
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These  comparisons  substantiated  expectations  that  bearing  speeds  generally 
decrease  with  increasing  engine  size  or  airflow. 

Good  correlations  between  total  corrected  airflow  and  bore  diameter,  nd2, 

and  pitch  diameter  ratios  were  obtained  for  low  rotor  ball  bearings.  (See  Figures 

21,  22,  and  23.) 

The  linear  relationships  coincided  with  previous  results  that  low  rotor  ball 
bearing  size  has  increased  with  increased  engine  size  or  corrected  airflow; 
furthermore,  scale  factors  were  established  between  certain  low  rotor  ball 
bearing  characteristics  and  engine  size.  These  scale  factors  are  defined  below: 

Bore  diameter  (mm)  =  0. 11  (total  corrected  airflow  in  lb/sec)  (1) 

+  79.  2 

nd2  (sq  in. )  =  0. 018  (total  corrected  airflow  in  lb/sec)  +  6.  09  (2) 

Pitch  diameter  (in, )  =  0. 0054  (total  corrected  airflow  in  lb/sec)  (3) 

+  3.99 


The  average  deviation  for  these  equations  is  3%. 

Low  rotor  ball  bearings  of  the  JT9D  engine  and  the  two  engines  with  centrifugal 
compressors,  the  PT6A-27  and  the  ST9,  failed  to  satisfy  the  scale  factor 
relationships. 

Two  bands,  one  for  ball  bearings  and  one  for  roller  bearings,  were  obtained  for 
d/Dm  ratios  regardless  of  the  comparison.  (See  Figures  24  and  25. )  These 
graphs  coincide  with  previous  results  that  d/Dm  separates  into  distinct  bands  for 
the  majority  of  the  ball  and  roller  bearings. 

Similarly,  relationships  between  the  corrected  airflow  into  the  high  compressor 
and  ratios  of  selected  high  rotor  bearing  characteristics  were  investigated.  The 
TF30  P100  engine  was  utilized  as  a  basis  to  ratio  selected  high  rotor  bearing 
and  seal  characteristics.  This  was  similar  to  utilization  of  the  ST9  engine  as  a 
basis  for  establishing  scale  factors  between  total  corrected  airflow  into  the 
engine  and  selected  bearing  and  seal  characteristics.  The  TF30  P100  engine 
was  chosen  because  of  its  lower  value  of  corrected  airflow  into  the  high  com¬ 
pressor  vs  other  engines  with  high  compressors.  The  three  small  engines 
(PT6A-27,  JT12,  and  ST9)  were  disregarded  in  the  analysis,  since  these 
engines  either  do  not  have  high  compressors  or  have  centrifugal  compressors. 

Certain  ratios  (bore  diameter,  weight,  nd/,  pitch  diameter,  and  element  diameter) 
of  high  rotor  roller  bearing  characteristics  were  found  to  increase  with  increasing 
corrected  airflow  into  the  high  compressor.  (See  Figures  26  through  29.) 

Results  paralleled  those  obtained  previously  for  low  rotor  ball  bearings.  Again, 
expectations  that  bearing  size  had  increased  with  engine  size  were  substantiated. 
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The  straight  lines  of  these  comparisons  established  scale  factors  between  cer¬ 
tain  high  rotor  roller  bearing  characteristics  and  engine  size.  These  scale 
factors  are  defined  below: 


Bore  diameter  (mm)  =  1. 12  (corrected  airflow  into  high  (4) 

compressor  in  lb/sec)  +  92.3 

nd^  (sq  in. )  =  0. 189  (corrected  airflow  into  high  compressor  (5) 

in  lb/sec)  +  1.  23 

Pitch  diameter  (in. )  =  0.  049  (corrected  airflow  into  high  (6) 

compressor  in  lb/sec)  +  4.  56 

Element  diameter  (in. )  =  0.  0043  (corrected  airflow  into  (7) 

high  compressor  in  lb/sec)  +  0.35 


Scaling  equations  are  accurate  within  an  average  deviation  of  6%. 

An  investigation  was  made  to  determine  the  possibility  that  the  two  small  engines 
with  centrifugal  compressors  might  scale  like  large  engines  with  axial  com¬ 
pressors.  The  ST9  was  chosen  to  compare  with  the  large  engines,  and  its  cen¬ 
trifugal  compressor  was  treated  as  a  high  compressor.  ST9  bearings,  however, 
failed  to  scale  like  the  large  engine  bearings. 

Using  the  ST9  as  a  basis,  comparisons  were  made  between  the  total  corrected 
airflow  into  the  engine  and  the  following  selected  seal  characteristic  ratios: 
pitch  diameter,  pressure  gradient,  seal  air  temperature,  seal  rubbing  velocity, 
seal  PV  value,  pressure  gradient  range,  spring  force  ratio,  total  face  pressure, 
and  face  pressure  caused  by  spring  load  ratio. 

Comparisons  showed  that  seal  pitch  diameter  ratio  increased  with  increasing 
total  corrected  airflow.  This  result  confirmed  initial  expectations  that  seal 
size  has  increased  with  engine  size.  Scale  factors  were  not  obtained  because 
upper  and  lower  bounds  for  the  data  points  could  not  be  established.  Other  com¬ 
parisons  failed  to  show  significant  trends. 

Similarly,  comparisons  between  the  corrected  airflow  into  the  high  compressor 
and  ratios  of  selected  high  rotor  seal  characteristics  were  made  with  the 
TF30  P100  as  a  basis. 

Except  for  the  expected  trend  for  seal  pitch  diameter  to  increase  with  engine  size, 
correlations  were  not  obtained.  Again,  scale  factors  were  impossible  to  obtain 
because  of  the  difficulty  in  establishing  upper  and  lower  bounds. 

The  scalability  study  continued  with  an  investigation  to  ascertain  scale  factors  for 
selected  characteristics  of  large  vs  small  bearings  and  seals.  Again,  the  ST9 
bearings  and  seals  were  utilized  as  a  basis  to  obtain  ratios. 
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The  following  ratios  of  selected  characteristics  of  large  vs  small  engine  bearings 
were  analyzed: 

1.  Pitch  diameter  vs  element  rotational  speed  ratio,  element 
diameter  ratio,  nd2  or  nd/  ratio,  element-to-cage  rubbing 
velocity  ratio,  cage-to-land  rubbing  velocity  ratio,  ratio  of 
maximum  stress  developed  by  centrifugal  load,  and  rpm 
ratio  for  constant  centrifugal  load  induced  stress 

2.  Bore  diameter  vs  pitch  line  velocity  ratio  and  pitch 
diameter  ratio 

3.  d/Dm  vs  nd2  or  nd/  ratio 

4.  DmN  vs  d/Dm  rat*° 

5.  DN  vs  d/Dm  ratio 

6.  nd2  or  nd/  vs  ratio  of  maximum  stress  developed  by 
centrifugal  load  and  rpm  ratio  for  constant  centrifugal 
load  induced  stress 

7.  Element  diameter  vs  ratio  of  maximum  stress  devel¬ 
oped  by  centrifugal  load  and  rpm  ratio  for  constant 
centrifugal  load  induced  stress 

Correlation  was  found  in  some  comparisons  as  listed  and  discussed  below: 

1.  The  graph  of  pitch  diameter  vs  element  diameter  ratio 
exhibited  expected  increasing  element  size  for  increasing 
pitch  diameter 

2.  Comparisons  of  pitch  diameter  vs  nd2  ratio  for  low  rotor 
ball  bearings  or  nd/  ratio  for  roller  bearings  showed 
expected  increasing  element  number  and  size  for  in¬ 
creasing  pitch  diameter.  (See  Figures  30  and  31.) 

Equations  were  derived  to  describe  the  relationships: 

nd2  (sq  in.)  =  0.0196  (pitch  diameter)3  +  0.  1236  (8) 

(pitch  diameter)  ^  +  0.40  (pitch  diameter)  +  1.29,  for 
low  rotor  ball  bearings  (where  units  for  pitch  diameter 
are  in. ) 

nd/  (sq  in.)  =  2.54  (pitch  diameter  in  in. )  -  5.  71,  for  (9) 

upper  boundary 

nd/  (sq  in. )  -2. 09  (pitch  diameter  in  in. )  -  4. 96,  for  (10) 

lower  boundary 
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3.  Comparisons  of  pitch  diameter  ratio  vs  bore  diameter 
established  definite  scale  factors.  These  factors  can 
be  utilized  in  determining  the  cross-section  thickness 
between  the  bearing  bore  and  pitch  diameters  or  in 
comparing  a  new  design  to  past  experience. 

Bail  bearings  and  low  rotor  roller  bearings  were  contained  in  a  definite 
band.  (See  Figure  32.)  The  boundaries  are  defined  by: 

Pitch  diameter  ratio  =  0. 348  (bore  diameter)  +  (11) 

0. 27,  for  upper  boundary 

Pitch  diameter  ratio  =  0.348  (bore  diameter)  +  (12) 

0. 11,  for  lower  boundary 

From  these  bounds,  individual  equations  for  low  rotor  ballbearings, 
high  rotor  ball  bearings,  and  low  rotor  roller  bearings  were  obtained 
by  conversion  factors. 

High  rotor  roller  bearings  formed  a  straight  line  which  was  lower  than 
the  band  obtained  for  other  bearings  (Figure  33).  The  straight  line  is 
defined  by: 

Pitch  diameter  ratio  =  0. 332  (bore  diameter)  +  0. 10  (13) 

By  conversion  factors,  the  equation  becomes 

Pitch  diameter  (in. )  =  1. 13  (bore  diameter  in  in. )  +  0. 35  (14) 

The  average  of  these  equations  established  the  straight  line  obtained 
previously  between  bearing  bore  and  pitch  diameters  (Figure  13).  The 
equation  is: 

Pitch  diameter  (mm)  =  1. 15  (bore  diameter  in  mm)  +  8. 9. 

4.  Pitch  diameter  vs  element  rotational  speed  ratio  (Figures  34,  35, 
and  36)  separated  into  three  distinct  bands:  low  rotor  bearings, 
high  rotor  roller  bearings,  and  high  rotor  ball  bearings.  Small 
and  large  engine  bearings  were  distinguishable  only  by  the  magnitude 
of  the  pitch  diameter.  In  general,  the  element  rotational  speed  in¬ 
creased  as  the  pitch  diameter  decreased.  This  was  expected,  since, 
as  previously  stated,  shaft  speeds  have  generally  increased  as  engine 
and  bearing  sizes  have  decreased.  Definite  scale  factors  were  not 
obtained  because  of  the  difficulty  in  establishing  upper  and  lower 
bounds  for  these  graphs. 

In  other  comparisons,  correlations  were  not  obtained. 
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In  addition,  the  following  comparisons  of  ratios  of  selected  characteristics  of 
large  vs  small  engine  seals  were  made: 

1,  Pitch  diameter  vs  spring  force  ratio,  total  force 
pressure  ratio,  face  pressure  caused  by  spring  load 
ratio,  pressure  gradient  range  ratio,  and  seal  PV  value 
ratio 

2,  Ratio  of  face  pressure  due  to  spring  load  vs  rubbing  velocity  ratio 

3,  Rubbing  velocity  ratio  vs  total  face  pressure  ratio 

Significant  correlations  were  not  obtained.  Certain  seal  characteristics,  such 
as  pressure  balance  ratio,  seal  face  width,  seal  nose  width,  and  spring  force/ 
in.  of  diameter,  were  found  to  be  nearly  constant,  regardless  of  engine  size. 

This  concluded  the  157  comparisons  made  to  obtain  scaling  factors. 
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DISCUSSION  OF  SCALE  FACTORS 


Scale  factors  were  found  for  low  rotor  ball  bearings  as  a  function  of  total  corrected 
airflow  into  the  engine.  High  rotor  roller  bearings  were  found  to  scale  with 
corrected  airflow  into  the  high  compressor.  As  anticipated,  these  results  showed 
that  bearing  size  has  increased  with  engine  size  or  airflow.  However,  the  startling 
result  of  the  scalability  study  was  the  remarkable  linearity  between  the  increase 
in  bearing  size  with  increased  engine  size. 

Scale  factors  were  found  to  be  applicable  to  axial  flow  compressor  engine  designs, 
and  not  applicable  to  centrifugal  compressor  engine  designs. 

Questions  arose  as  to  why  low  rotor  roller  bearings  and  high  rotor  ball  bearings 
did  not  scale.  Considerable  effort  was  required  to  finally  uncover  the  answers. 

Low  rotor  roller  bearings  are  generally  located  at  the  front  and  rear  of  engines. 
The  front  roller  bearing  on  conventionally  designed  engines,  which  do  not  have 
centrifugal  compressors,  has  been  sized  so  that  a  tool  can  be  inserted  inside 
the  shaft.  The  tool  is  required  to  remove  the  tie  bolt  that  connects  the  low 
turbine  shaft  to  the  low  rotor. 

At  the  rear  of  the  engine,  the  roller  bearing  is  sized  to  allow  for  an  oil  jet  to 
the  "bazooka"  which  "spirals"  lubricant  to  intershaft  bearings.  In  cases 
where  there  are  no  intershaft  bearings,  the  bearing  design  is  governed  by 
two  factors:  (1)  a  straight-through  shaft  is  designed  to  save  manufacturing 
cost,  and  (2)  to  conserve  weight,  the  rear  of  the  shaft  is  made  as  small  in 
diameter  as  possible. 

High  rotor  ball  bearings  have  been  designed  for  two  principal  functions:  to  locate 
the  main  shaft  accessory  drive  gear  and  to  support  high  rotor  thrust  loads. 

Because  of  the  variations  in  high  rotor  thrust  loads  coupled  with  engine  life 
requirements,  scalability  of  high  rotor  ball  bearings  is  impractical. 

The  ultimate  limitation  on  main-shaft  bearing  size  is  the  airflow  path,  since 
neither  bearings  nor  bearing  compartments  must  obstruct  the  flow  path. 

The  two  small  engines,  the  PT6A-27  and  ST9,  did  not  scale  like  the  large  engines 
and  the  JT12.  Hence,  investigations  were  made  to  explain  the  inapplicability  of 
scale  factors  to  small  engines  with  centrifugal  compressors. 

The  ST9  power  turbine  shaft  roller  bearing  was  designed  to  fit  over  the  shaft 
optimized  in  size  to  satisfy  critical  speed  requirements.  As  previously  stated, 
the  small  2-to-10-lb/sec  airflow  size  engines  rotate  at  considerably  greater 
speeds  than  large  engines.  For  this  reason,  bearing  size  in  future  small  gas 
turbine  engines  will  probably  be  governed  by  required  shaft  size  to  satisfy 
critical  speed  design  criteria. 

Thrust  balancing  the  power  turbine  shaft  of  small  engines  is  difficult  because 
there  is  no  compressor  to  counteract  the  turbine  pressure  loads.  Because  of 
this  difficulty,  low  rotor  ball  bearings,  which  support  power  turbine  shaft  thrust 
loads,  did  not  scale. 
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The  gas  generator  shaft  ball  bearing  is  designed  to  locate  the  main  shaft  accessory 
drive  gear  and  to  support  high  rotor  thrust  loads.  Bearing  loads  and  engine  life 
requirements  usually  define  the  bearing  size. 

Size  of  the  gas  generator  shaft  roller  bearing  is  based  on  the  shaft  diameter  required 
to  satisfy  critical  speed  design  criteria  and  to  provide  clearance  for  power 
turbine  shaft  operation  inside  the  gas  generator  shaft. 

Hence,  scale  factors  are  only  applicable  to  conventional  engine  designs,  not 
to  small  gas  turbine  engines  that  have  centrifugal  compressors. 
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AREAS  WHICH  LIMIT  THE  UTILITY  OF  SCALE  FACTORS 


Areas  exist  that  limit  the  utility  of  scaling  factors.  Scale  factors  obtained  in 
the  study  are  useful  only  as  preliminary  design  guides  and  should  be  further 
restricted  to  engines  without  centrifugal  compressors. 

Rotor  dynamic,  performance,  and  design  considerations  listed  below  can  limit 


scaling: 

1. 

Outer  race  flanges 

2. 

Manufacturing  capabilities 

3. 

Value  engineering 

4. 

Shaft  torque 

5. 

Weight  reduction 

6. 

Blade  loss  loads 

7. 

Critical  speed  design  criteria 

8. 

Rotor  response  loads 

9. 

Number  of  bearings  per  shaft 

10. 

Fluid  film  damper 

11. 

Airflow  path 

12. 

Preload  design  criteria 

13. 

Maneuver  loads 

14. 

Duty  cycle  requirements 

15. 

Gear  and  impeller  locations 

16. 

Life  requirements 

17. 

Shaft  thrust  loads 

Because  of  factors  such  as  fluid  film  dampers,  bearings  flanges,  manufacture 
of  a  straight-through  shaft  to  reduce  cost,  conservation  of  weight,  and  shaft 
torque,  bearing  size  may  be  limited.  Dampers  reduce  rotor  response  loads, 
thus  reducing  bearing  size.  However,  the  addition  of  a  fluid  film  damper  or  of 
bearing  flanges  often  dictates  an  increase  in  outer  race  stiffness  or  cross  section. 

Possible  influence  on  bearing  size  can  be  exerted  by  bearing  loads,  such  as 
blade  loss  loads,  rotor  response  loads,  preloads,  and  maneuvers  loads,  or  by 
engine  requirements,  such  as  airflow  path,  critical  speed  design  criteria,  life, 
and  number  of  bearings  per  shaft. 

In  additon,  cooling  and  lubrication  methods  can  be  detrimental  in  determining 
bearing  size.  For  instance,  under-race  oil  holes  sometimes  result  in  larger 
than  normal  raceway  thickness,  preventing  possible  raceway  fracture  caused  by 
heavy  loads. 

Similarly,  corner-relief  oil  holes  in  roller  bearings  must  be  carefully  analyzed 
to  ensure  that  the  raceway  does  not  fracture  and  that  oil  holes  will  not  "coke". 

One  of  the  latest  recognized  features  in  ball  bearing  cage  design  is  the  "elongated" 
ball  pocket.  This  design  concept  provides  for  extreme  ball  excursion  01  the 
circumferential  movement  of  a  ball  as  it  passes  in  and  out  of  the  load  zone.  In 
many  cases,  the  extra  ball  pocket  clearance  means  a  reduction  in  the  bearing 
complement  to  maintain  sufficient  cage  web  thickness  for  strength.  The 
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reduction  in  ball  complement  will  also  reduce  the  bearing  capacity  or, effectively, 
nd2,  if  the  ball  diameter  remains  constant. 

To  reiterate,  scale  factors  must  be  utilized  with  insight  into  the  design  concepts 
and  limitations  that  can  affect  bearing  design. 
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RECOMMENDED  ADDITIONAL  BEARING  AND  SEAL 
RESEARCH  FOR  ADVANCED  SMALL  ENGINES 


There  are  several  areas  where  bearing  and  seal  technology  is  lacking  or  needs 
further  development  for  advanced  small  engines.  Where  appropriate,  tests  to 
provide  development  of  advanced  technology  are  discussed. 

BEARING  MATERIAL  IMPROVEMENT  STUDY 

Flanged  bearings  are  demanded  in  modern  gas  turbine  engines  to  reduce  compart¬ 
ment  or  gearbox  weight  and  to  prevent  outer  race  rotation  within  the  housing. 

For  this  application,  bearing  materials  would  be  required  to  have  excellent 
structural  properties  to  resist  large  bending  moments  and  shear  loads.  In 
addition,  excellent  fatigue  properties  are  needed  to  obtain  long-life  operation 
without  surface  or  subsurface  distress.  Usual  bearing  materials  provide 
adequate  fatigue  life.  However,  these  materials  are  usually  through-hardened 
steel  and  are  quite  notch  sensitive.  This  high  brittleness  severely  limits  use 
in  structural  applications. 

Metallurgists  have  developed  new  steels,  but  extensive  tests  are  required  to 
substantiate  ultimate  structural  limits  and,  more  importantly,  to  rate  their 
mechanical  capabilities,  such  as  fatigue  life  and  wear  rate,  as  a  function  of 
oil  film  thickness  to  surface  finish  ratio. 

To  evaluate  ultimate  structural  properties,  bearing  testing  will  be  required. 
Essential  structural  designs  that  these  tests  must  establish  are:  material  rolling 
contact  fatigue  properties,  maximum  contact  stress  before  plastic  deformation 
and  before  fracture,  maximum  shear  and  maximum  bending  stress  before 
fracture. 

BALL  BEARING  CAGE  STUDY 

Several  programs  are  needed  to  improve  cage  performance  and  predictability 
under  adverse  environments  and  operating  conditions. 

Flexible  shafts  create  large  bearing  response  loads  that  reduce  ball  bearing 
thrust  to  radial  load  ratio  and  cause  large  ball  movement  or  excursion  in  the 
cage  pocket.  To  counteract  the  resulting  cage  pocket  wear,  elongated  pockets 
must  be  designed.  Hence,  analytical  capabilities,  which  should  include 
elastohydrodynamic  effects,  must  be  developed  to  predict  ball  excursions  and 
the  resulting  ball  loads  when  pocket  clearances  are  inadequate.  These  analytical 
techniques  must  be  correlated  with  test  results  by  measuring  the  ball  movements 
with  the  aid  of  a  high-speed  camera  and  the  ball-cage  web  load  with  photoelastic 
methods. 

CAGE  CONFIGURATION  AND  VIBRATION  STUDY 

A  program  is  needed  to  evaluate  cage  vibration  and  configurations.  This  pro¬ 
gram  should  include  carefully  controlled  tests  to  establish  tolerance  requirements 
for  cage  pocket  clearances,  effects  of  cage  vibration  on  various  cage  designs, 
and  cage  unbalance  associated  with  cage  speed,  weight,  journal  width,  clearance, 
and  lubrication  film  thickness  under  journals. 
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ANALYTICAL  BEARING  PROGRAMS 


Proven  analytical  methods  combined  with  experience  are  the  design  tools  for 
substantiating  future  bearing  designs. 

Present  bearing  analysis  programs  do  not  include  bearing  dynamic  effects  due  to 
elastohydrodynamic  forces.  Future  programs  must  include  these  forces  that 
tests  show  affect  bearing  operation  and  durability. 

Present  elastohydrodynamic  force  equations  do  not  include  rheological  or  non- 
Newtonian  effects.  Further  developments  in  this  area  are  required.  Resulting 
programs  will  require  careful  correlation  with  test  results. 

Principal  areas  where  correlations  must  be  established  between  analytical  pro¬ 
grams  and  experimental  data  include:  (1)  rolling  element  skid  criteria,  (2) 
rolling  element-cage  web  load,  (3)  ball  excursion,  and  (4)  roller  skew  (the  tendency 
of  the  roller  to  twist  or  turn  from  its  neutral  position). 

ROLLER  DYNAMICS  STUDY 

Roller  end  wear  is  a  common  problem  with  high-speed  roller  bearings.  Theories, 
though  unsuccessful,  have  been  proposed  to  explain  this  phenomenon.  An 
extensive  test  program  will  be  required  to  fully  explain  the  problem  and  confirm 
a  solution. 

Some  parameters  to  study  are:  (1)  sidewall  height,  (2)  sidewall  taper,  (3)  axial 
clearance  between  the  roller  end  and  sidewall,  (4)  relative  velocity  between  the 
roller  end  and  sidewall,  (5)  roller  length  variation,  (6)  roller  unbalance,  and 
(7)  interaction  effects  with  cages. 

SEAL  WEAR  STUDY 

The  scalability  study  showed  that  shaft  seals  have  increased  with  engine  size  and 
that  pressure  balance  ratio,  seal  face  and  seal  nose  width,  and  spring  force/in. 
of  diameter  have  been  constant.  In  addition,  the  type  of  secondary  seal  has 
usually  been  a  piston  ring  because  (1)  they  allow  large  axial  travel  caused  by 
differential  thermal  growth,  without  restraining  small  motions  of  the  primary 
seal  while  following  runner  irregularities,  and  (2)  their  cost  is  low. 

Even  though  seal  design  has  been  constant,  seal  wear  rate  is  unpredictable. 

For  this  reason,  statistical  seal  wear  studies,  similar  to  previous  bearing 
fatigue  life  studies,  are  needed.  The  effects  on  seal  wear  rates  due  to  the 
following  parameters  must  be  closely  established: 

1.  Seal  air  temperature 

2.  Face  pressure 

3.  Rubbing  velocity 
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4.  Seal  and  runner  materials 

5.  Pressure  balance  ratio 

6.  Seal  size  characteristics,  such  as  pitch  diameter, 
nose  width,  and  face  width 

7.  Lubrication  or  cooling  methods 
ANALYTICAL  SEAL  PROGRAMS  STUDY 


Analytical  seal  programs  are  needed  to  provide  design  guides  for  calculating 
(1)  elastohydrodynamic  effects  at  the  seal  face,  (2)  pressure  profile  at  the 
seal  face,  and  (3)  more  accurate  seal  leakage.  Again,  the  analytical  programs 
must  be  correlated  with  test  or  past  seal  performance  data. 
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CONCLUSIONS 


Twin-spool  axial  compressor  engine  designs  have  scalable  low  rotor  ball  bearings 
and  high  rotor  roller  bearings. 

Valid  scale  factors  exist  for  total  corrected  airflow  vs  several  low  rotor  ball 
bearing  characteristics  and  high  rotor  roller  bearing  characteristics.  Remaining 
bearing  characteristics  were  so  dependent  upon  engine  design  and  bearing  location 
that  scale  factors  were  not  practical. 

There  were  no  valid  scale  factors  noted  for  seals.  However,  specific  seal 
parameters  such  as  pressure  balance  ratio,  seal  face  width,  seal  nose  width,  and 
spring  force  per  inch  of  diameter  were  found  to  be  nearly  constant. 

Small  gas  turbine  engines  with  centrifugal  compressors  do  not  scale  like  large 
twin-spool  engines  with  axial  compressors. 
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TABLE  II.  MAIN  SHAFT  BEARING  GENERAL  CHARACTERISTICS 
AT  SEA  LEVEL  TAKEOFF  FOR  SMALL  ENGINE  NO.  2 
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TABLE  III.  MAIN  SHAFT  BEARING  GENERAL  CHARACTERISTICS 
AT  SEA  LEVEL  TAKEOFF  FOR  SMALL  ENGINE  NO.  3 
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Legend  ’/2nd  stage  compressor  (x)  3-1/2  rad/see  +* Roller  bearings  evaluated  at 

Blade  loss  1.7  oz  irnat  30,000  rpm  information  lost  5  g  loads;  Ball  bearings  evalu- 

No  structural  damping  ated  at  mean  effective  thrust 

loads  of  450  lb;  No  material  im- 


TABLE  IV.  MAIN  SHAFT  BEARING  GENERAL  CHARACTERISTICS  AT 
SEA  LEVEL  TAKEOFF  FOR  LARGE  ENGINE  NO.  1 
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TABLE  VI.  MAIN  SHAFT  BEARING  GENERAL  CHARACTERISTICS  AT 
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TABLE  Vin.  MAIN  SHAFT  BEARING  GENERAL  CHARACTERISTICS 
AT  SEA  LEVEL  TAKEOFF  FOR  LARGE  ENGINE  NO.  5 


3 
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TABLE  XI.  MAIN  SHAFT  SEALS  -  GENERAL  CHARACTERISTICS  AT  SEA  LEVEL 
TAKEOFF  FOR  SMALL  ENGINE  NO.  2 


TABLE  XV.  MAIN  SHAFT  SEALS  -  GENERAL  CHARACTERISTICS  AT  SEA  LEVEL 
TAKEOFF  FOR  LARGE  ENGINE  NO.  4 
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TABLE  XVII.  MAIN  SHAFT  SEALS  -  GENERAL  CHARACTERISTICS  AT  SEA  LEVEL 
TAKEOFF  FOR  LARGE  ENGINE  NO.  6 
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*Data  not  available 


TABLE  XVIII.  SMALL  ENG 


Bearing  Width  Pitch 


Location 

ID 

ID 

OD 

ID 

OD 

Diameter 

and  Type 

Vendor 

(in.) 

(mm) 

(in.) 

(in.) 

(in.) 

(in.) 

IV 

No.  1 

5 

1.7802 

45.3 

2.7559 

0.4744 

0.4824 

2.327 

c 

Roller 

3 

Bearing 

4 

1.7802 

45.3 

2.7559 

0.4744 

0.4824 

2.325 

P 

No.  2 

4 

1.5748 

40 

2.460 

1.084 

0.944 

2.0174 

P 

Ball 

Bearing 

9 

1.5748 

40 

2.460 

1.084 

0.957 

2.017 

P 

No.  3 

3 

1.9685 

50 

4.0855 

1.050 

0.7894 

2.8092 

P' 

Ball 

Bearing 

4 

1.9685 

50 

4.0855 

1.050 

0.7894 

2.7460 

F 

1 

1.9685 

50 

4.0855 

1.050 

0.7894 

2.7760 

P' 

No.  4 
Roller 

1 

2.255 

57.3 

3.7402 

0.7330 

0.9600 

3.0407 

P\  j 

Bearing 

5 

2.255 

57.3 

3.7402 

0.7330 

0.9600 

3.001 

P\  1 

No.  5 

3 

2.3622 

60 

4.1339 

0.8561 

0.8631 

3.24805 

P\ 

Ball 

Bearing 

4 

2.3622 

60 

4.1339 

0.8561 

0.8631 

3.2480 

P\ 

9 

2.3622 

60 

4.1339 

0.8561 

0.8661 

3.2480 

PY 

3 

2.3622 

60 

4.1339 

0.8561 

0.8631 

3.24805 

PY 

Upper 

T/S  Ball 

3 

0.7874 

20 

1.4567 

0.7874 

0.3543 

1.122 

PV 

Bearing 

Lower 

3 

0.5906 

15 

1.380 

0.4331 

0.530 

0.9843 

P\\ 

T/S  Ball 
Bearing 
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ENGINE  NO.  1  MAIN  SHAFT  BEARINGS 


Ball-Race 


Number 

Element 

Curvatures 

Total 

er 

Ring 

Element 

of 

Diameter 

Inner 

Outer 

Length 

L/D 

Material 

Material 

Elements 

(in.) 

(%) 

(%) 

(in.) 

Ratio 

Cage  Type 

CEVM 

CEVM 

22 

0.2283 

_ 

_ 

0.2800 

1.23 

One-Piece 

315 

315 

Machined 

PWA  725 

PWA  725 

20 

0.25 

0.25 

1.00 

One-Piece 

Machined 

PWA  725 

PWA  725 

18 

0.25 

52 

52 

- 

- 

One-Piece 

Machined 

PWA  725 

PWA  725 

18 

0.2656 

53 

53 

One-Piece 

Machined 

PWA  725 

PWA  725 

15 

0.50 

52 

One-Piece 

Machined 

PWA  725 

PWA  725 

14 

0.50 

52 

One-Piece 

Machined 

PWA  725 

PWA  725 

13 

0.5625 

52/ 

58/ 

- 

- 

One-Piece 

52.18 

52.35 

Machined 

PWA  725 

PWA  725 

18 

0.3543 

52/ 

52/ 

0.3465 

0.98 

One-Piece 

52.18 

52.35 

Machined 

PWA  725 

PWA  725 

20 

0.3389 

52/ 

52/ 

0.3465 

1.16 

One-Piece 

52.18 

52.35 

Machined 

5 

PWA  725 

PWA  725 

15 

0.531 

52/ 

52/ 

_ 

One-Piece 

52.18 

52.35 

Machined 

PWA  725 

PWA  725 

15 

0.531 

52/ 

52/ 

- 

- 

One-Piece 

52.18 

52.35 

Machined 

PWA  725 

PWA  725 

15 

0.531 

52/ 

52/ 

- 

- 

One-Piece 

52.18 

52.35 

Machined 

5 

PWA  725 

PWA  725 

15 

0.531 

52/ 

52/ 

- 

- 

One-Piece 

52.18 

52.35 

Machined 

PWA  725 

PWA  725 

10 

0.1875 

52 

52 

- 

- 

One-Piece 

Machined 

PWA  725 

PWA  725 

7 

0.25 

52 

52 

. 

Two-Piece, 

Riveted 


1 


TABLE  XIX.  SMALL  ENGINE  NO. 

2  mJ 

n 

Bearing 

Width 

Pitch 

Location 

Vendor 

ID 

ID 

OD 

ID 

OD 

Diameter 

Ring 

Eler 

and  Type 

No. 

(in.) 

(mm) 

(in.) 

(in.) 

(in.) 

(in.) 

Material 

Mate 

No.  1 

1 

2.9528 

75 

4.1339 

0.810 

0.8268 

3.563 

AMS 

AMS 

Roller 

6441  or 

Bearing 

isciEiil 

5 

2,9528 

75 

4.1339 

0.810 

0.8268 

3.544 

AMS 

6294 

644( 

6441 

No.  2 

Ball 

Bearing 

1 

3. 1496 

80 

5.1181 

1.122 

0.9055 

4.272 

PWA  723 

PW/ 

No.  3 

Roller 

Bearing 

1 

3.1496 

80 

4.3307 

0.9449 

0.6299 

3.753 

PWA  725 

pwJ 

1 

1  .  ...  _  ....  _  .  .  _  ___  .  :  i 

TABLE  XX.  SMALL  ENGINE  NO.  3, 


Bearing 
Location 
and  Type 

Vendor 

No. 

ID 

(in.) 

ID 

(mm) 

OD 

(in.) 

Width 

ID  OD 

(in. )  (in. ) 

Pitch 

Diameter 

(in.) 

Ring 

Material 

Elem 

Mate! 

No.  1 

Ball 

Bearing 

1 

1.1811 

30 

2.8346 

0.9055 

0.748 

2.047 

PWA  723 

PWA 

Nos.  2,  3 

Roller 

Bearing 

1 

1.5748 

40 

2.6672 

0.5907 

0.5906 

2.126 

PWA  725 

PWA 

. 

No.  4 

1 

1.1811 

30 

2.8346 

0.9055 

0.748 

2.047 

PWA  723 

PWA 

Ball 

Bearing 
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NE  NO.  2  MAIN  SHAFT  BEARINGS 


Ball-Race 


iing 

terial 

Element 

Material 

Number 

of 

Elements 

Element 

Diameter 

(in.) 

Curvatures 
Inner  Outer 
(%)  <%> 

Total 

Length 

(in.) 

L/D 

Ratio 

Cage  Type 

S 

[1  or 

AMS 

6440  or 

6441 

28 

0.3150 

- 

0.4331 

1.375 

One-Piece  Machined 

IS 

'4 

1 

AMS 

6440  or 

6441 

26 

0.3145 

0.3537 

1.125 

One-Piece  Machined 

-A  723 

PWA  723 

20 

0.59375 

51.75/51.75/ 

_ 

One-Piece  Machined 

52  52 


'A  725  PWA  725  30 


0.3150 


0.4252  1.35  One-Piece  Machined 


NGINE  NO.  3  MAIN  SHAFT  BEARINGS 


ing 

terial 

Element 

Material 

Number 

of 

Elements 

Element 

Diameter 

(in.) 

Ball-Race 
Curvatures 
Inner  Outer 
(%)  (%) 

Total 

Length 

(in.) 

L/D 

Ratio 

Cage  Type 

A  723 

PWA  723 

10 

0.53125 

52 

52 

- 

- 

One-Piece  (Rabbit  Ear 
Style  of  Ball  Retention) 

A  725 

PWA  725 

16 

0.2953 

- 

- 

0.3465 

1.175 

One-Piece  Machined 

A  723 

.. 

PWA  723 

10 

0.53125 

52 

52 

- 

- 

One-Piece  (Rabbit  Ear 
Style  of  Ball  Retention) 

TABLE  XXI.  LARGE  ENGINE  NO.  1  MAIN  SHAFT  BE 


Bearing 
Location 
and  Type 

Vendor 

ID 

(in.) 

ID 

(mm) 

OD 

(in.) 

Width 

ID  OD 

(in.)  (in.) 

Pitch 

Diameter 

(in.) 

Ring 

Material 

Element 

Material 

Number 

of 

Elements 

Diar 

(ii 

No.  1 

Roller 

1 

5.1181 

130 

7.0866 

1.0236 

0.8661 

6.142 

PWA  723 

PWA  723 

26 

0.55 

Bearing 

5 

5.1181 

130 

7.0866 

1.0236 

0.8661 

6.1035 

PWA  742 

PWA  742 

30 

0.4ff 

No.  2 

2 

5.1181 

130 

7.874 

2.560 

2.560 

6.496 

PWA  725 

PWA  725 

21 

0.81 

Ball 

3 

5.1181 

130 

7.874 

2.560 

2.560 

6.496 

PWA  725 

PWA  725 

21 

0.81 

Bearing 

4 

5.1181 

130 

7.874 

2.560 

2.560 

6.4734 

PWA  725 

PWA  725 

21 

0.81 

1 

5.1181 

130 

7.874 

2.560 

2.560 

6.496 

PWA  725 

PWA  725 

21 

0.81 

No.  2-1/2 

3 

4.3307 

110 

5.9055 

1.00 

0.7874 

5.11815 

PWA  723 

PWA  723 

19 

0.46 

Ball 

Bearing 

2 

4.3307 

110 

5.9055 

1.00 

0.7874 

5.1180 

PWA  723 

PWA  723 

19 

0.5 

No.  3 

Roller 

5 

4.2520 

108 

5.6693 

0.7874 

0.9449 

4.953 

PWA  742 

PWA  742 

30 

0.36* 

Bearing 

1 

4.2520 

108 

5.6693 

0.7874 

0.9449 

4.961 

PWA  725 

PWA  725 

34 

0.35* 

2 

4.2520 

108 

5.6693 

0.7874 

0.9449 

4.9528 

PWA  725 

PWA  725 

32 

0.36.' 

No.  4 

Ball 

4 

5.5118 

140 

8.6614 

3.1496 

3.1496 

7.0610 

PWA  723 

PWA  723 

20 

0.937 

Bearing 

3 

5.5118 

140 

8.6614 

3.1496 

3.1496 

7.0866 

PWA  723 

PWA  723 

20 

0.937 

2 

5.5118 

140 

8.6614 

3.1496 

3.1496 

7.087 

PWA  723 

PWA  723 

20 

0.937 

1 

5.5118 

140 

9.6614 

3.1496 

3.1496 

7.087 

PWA  723 

PWA  723 

19 

1.000 

No.  4-1/2 
Ball 

1 

3.9500 

101 

5.200 

0.6299 

1.2598 

4.575 

PWA  725 

PWA  725 

36 

0.315 

Bearing 

5 

3.9500 

101 

5.200 

0.6299 

1.2598 

4.5742 

PWA  724 

PWA  724 

34 

0.314 

No.  5 

Roller 

1 

5.9051 

150 

8.4646 

1.3780 

1.0236 

7.17 

PWA  725 

PWA  725 

28 

0.66EI 

Bearing 

5 

5.9051 

150 

8.4646 

1.3780 

1.0236 

7.2783 

PWA  725 

PWA  725 

28 

0.669 

No.  6 

Roller 

5 

2.7559 

70 

4.3307 

0.8661 

1.1811 

3.5445 

AMS  6294  AMS  6440 

24 

. 

0.363 

Bearing 

2 

2.7559 

70 

4.3307 

0.8661 

1.1811 

3.5493 

AMS  6440  AMS  6274 

24 

0.363 

4 

2.7559 

70 

4.3307 

0.8661 

1.1811 

3.5433 

AMS  6440  AMS  6440 

24 

0.393 

E  XXI.  LARGE  ENGINE  NO.  1  MAIN  SHAFT  BEARINGS 


Pitch 

Diameter 

(in.) 

Ring 

Material 

Element 

Material 

Number 

of 

Elements 

Diameter 

(in.) 

Ball-Race 
Curvature 
Inner  Outer 

Total 

Length 

(in.) 

L/D 

Ratio 

Cage  Type 

6.142 

PWA  723 

PWA  723 

26 

0.5512 

- 

- 

0.5512 

1.00 

One-Piece 

Machined 

6.1035 

PWA  742 

PWA  742 

30 

0.4985 

' 

0.5337 

1.07 

One-Piece 

Machined 

6.496 

PWA  725 

PWA  725 

21 

0.8125 

0.52 

0.516 

_ 

One-Piece 

6.496 

PWA  725 

PWA  725 

21 

0.8125 

0.514 

0.514 

- 

- 

One-Piece 

6.4734 

PWA  725 

PWA  725 

21 

0.8125 

0.515 

0.515 

- 

- 

One-Piece 

6.496 

PWA  725 

PWA  725 

21 

0.8125 

0.515/ 

0.5175 

0.515/ 

0.5175 

” 

One-Piece 

5.11815 

PWA  723 

PWA  723 

19 

0.4688 

0.515 

0.515 

_ 

— 

Two-Piece, 

Riveted 

5.1180 

PWA  723 

PWA  723 

19 

0.5 

0.516 

0.53 

- 

— 

Two-Piece, 

Riveted 

4.953 

PWA  742 

PWA  742 

30 

0.3629 

- 

- 

0.3937 

1.08 

One-Piece 

Machined 

4.961 

PWA  725 

PWA  725 

34 

0.3543 

0.3465 

0.98 

One-Piece 

Machined 

4.9528 

PWA  725 

PWA  725 

32 

0.3637 

0.3543 

0.975 

One-Piece 

Machined 

7.0610 

PWA  723 

PWA  723 

20 

0.9375 

0.52 

0.52 

- 

- 

One-Piece 

Machined 

7.0866 

PWA  723 

PWA  723 

20 

0.9375 

0.521 

0.521 

- 

“ 

One-Piece 

Machined 

7.087 

PWA  723 

PWA  723 

20 

0.9375 

0.52 

0.52 

- 

One-Piece 

Machined 

7.087 

PWA  723 

PWA  723 

19 

1.000 

0.515/ 

0.5175 

0.52/ 

0.5225 

““ 

One-Piece 

Machined 

4.575 

PWA  725 

PWA  725 

36 

0.3150 

- 

- 

0.3071 

0.975 

One-Piece 

Machined 

4.5742 

PWA  724 

PWA  724 

34 

0.3145 

0.3902 

1.24 

One-Piece 

Machined 

7.17 

PWA  725 

PWA  725 

28 

0.6693 

- 

- 

0.6614 

0.99 

One-Piece 

Machined 

7.2783 

PWA  725 

PWA  725 

28 

0.6693 

0.6693 

1.00 

One-Piece 

Machined 

$.5445 

AMS  6294  AMS  6440 

24 

0.3633 

- 

- 

0.4587 

1.26 

One-Piece 

Machined 

$.5493 

AMS  6440  AMS  6274 

24 

0.3637 

— 

0.4587 

1.26 

One-Piece 

Machined 

$.5433 

AMS  6440  AMS  6440 

24 

0.3937 

- 

- 

0.4587 

1.00 

One-Piece 

Machined 

TABLE  XXII.  LARGE  ENGINE  NO.  2  MAE 


Bearing 

Width 

Pitch 

==l 

Nur 

Location 

Vendor 

ID 

ID 

OD 

ID 

OD 

Diameter 

Ring 

Element 

o 

and  Type 

No. 

(in.) 

(mm) 

(in.) 

(in.) 

(in.) 

(in.) 

Material 

Material 

Eler 

No.  1 

Roller 

1 

3.7402 

95 

5.550 

1.0074 

2.061 

4.488 

AMS  6440 

AMS  6440 

2 

Bearing 

5 

3.7402 

95 

5.550 

1.0074 

2.061 

4.551 

AMS  6294 

AMS  6440 

2$ 

No.  2 

1 

3.937 

100 

6.49605 

2.560 

2.560 

5.295 

PWA  725 

PWA  725 

11 

Ball 

Bearing 

3 

3.937 

100 

6.49605 

2.560 

2.560 

5.21655 

PWA  725 

PWA  725 

1* 

4 

3.937 

100 

6.49605 

2.560 

2.560 

5.2165 

PWA  725 

PWA  725 

16 

No.  3 

4 

4.508 

115 

6.8897 

1.1024 

1.0908 

5.6727 

PWA  725 

PWA  725 

1 

u 

Ball 

Bearing 

3 

4.508 

115 

6.8897 

1.1024 

1.0908 

5.7087 

PWA  725 

PWA  725 

IE 

No.  4 

1 

4.9213 

125 

7.4803 

2.560 

2.560 

6.280 

PWA  725 

PWA  725 

21 

Ball 

Bearing 

3 

4.9213 

125 

7.4803 

2.560 

2.560 

6.2008 

PWA  725 

PWA  725 

21 

4 

4.9213 

125 

7.4803 

2.560 

2.560 

6.2008 

PWA  725 

PWA  725 

21 

No.  4-1/2 

Roller 

Bearing 

5 

3.1496 

80 

4.2516 

0.6300 

0.8650 

3.6412 

PWA  742 

PWA  742 

32 

No.  5 

Roller 

Bearing 

5 

5.1181 

130 

7.0893 

1.4961 

0.9843 

6.102 

PWA  742 

PWA  742 

26 

No.  6 

5 

3.3465 

85 

5.041 

0.8755 

1.5 

4.1355 

PWA  742 

PWA  742 

26 

Roller 

Bearing 

1 

3.3465 

85 

5.041 

0.8755 

1.5 

4.134 

PWA  725 

PWA  725 

26 

[XU.  LARGE  ENGINE  NO.  2  MAIN  SHAFT  BEARINGS 


tch 

meter 

in.) 

Ring 

Material 

Element 

Material 

Number 

of 

Elements 

Element 

Diameter 

(in.) 

Ball-Race 
Curvatures 
Inner  Outer 

Total 

Length 

(in.) 

L/D 

Ratio 

Cage  Type 

88 

■ 

AMS  6440 

AMS  6440 

26 

0.4331 

- 

- 

0.5118 

1.18 

One-Piece 

Machined 

51 

AMS  6294 

AMS  6440 

28 

0.3827 

' 

' 

0.4587 

1.2 

One-Piece 

Machined 

95 

PWA  725 

PWA  725 

18 

0.8125 

0.5175/  0.5175/ 
0.52  0.52 

- 

- 

One-Piece 

Machined 

1655 

PWA  725 

PWA  725 

18 

0.8125 

0.52 

0.515 

— 

— 

One-Piece 

Machined 

165 

PWA  725 

PWA  725 

18 

0.8125 

0.52 

0.52 

One-Piece 

Machined 

727 

PWA  725 

PWA  725 

16 

0.6250 

0.51 

0.52 

- 

- 

Two-Piece, 

Riveted 

087 

PWA  725 

PWA  725 

15 

0.6250 

0.52 

0.52 

' 

Two-Piece, 

Riveted 

80 

PWA  725 

PWA  725 

21 

0.8125 

0.515/ 

0.5175 

0.52/ 

0.5225 

- 

- 

One-Piece 

Machined 

008 

PWA  725 

PWA  725 

21 

0.8125 

0.52 

0.515 

— 

— 

One-Piece 

Machined 

008 

PWA  725 

PWA  725 

21 

0.8125 

0.52 

0.52 

' 

One-  P*ece 
Machined 

412 

PWA  742 

PWA  742 

32 

0.2490 

- 

- 

0.3537 

1.42 

One-Piece 

Machined 

02 

PWA  742 

PWA  742 

28 

0.4980 

- 

- 

0.5737 

1.15 

One-Piece 

Machined 

355 

PWA  742 

PWA  742 

28 

0.3643 

- 

- 

0.4587 

1.26 

One-Piece 

Machined 

34 

_ 

PWA  725 

PWA  725 

26 

0.3937 

— 

- 

0.3858 

0.98 

One-Piece 

Machined 

LL 


TABLE  XXIII.  LARGE  ENGINE  NO.  3  MAIN  S 

Bearing 

Width 

Pitch 

N 

Location 

Vendor 

ID 

ID 

OD 

ID 

OD 

Diameter 

Ring 

Element 

and  Type 

No. 

(in.) 

(mm) 

(in.) 

(in.) 

(in.) 

(in.) 

Material 

Material 

Eli 

No.  1 

Ball 

Bearing 

3 

8.2648 

210 

13.7795 

2.4409 

2.2047 

11.200 

PWA  725 

PWA  725 

No.  2 

4 

8.6614 

220 

12.6 

1.8065 

1.811 

10.6299 

PWA  725 

PWA  725 

Ball 

Bearing 

3 

8.6614 

220 

12.6 

1.8065 

1.811 

10.6299 

PWA  725 

PWA  725 

i 

No.  3 
Roller 

1 

9.2520 

235 

12.2047 

1.620 

1.820 

10.72 

PWA  725 

PWA  725 

1 

Bearing 

1 

9.2520 

235 

12.2047 

1.620 

1.820 

10.72 

PWA  725 

PWA  725 

No.  4 
Roller 

4 

6.4961 

165 

9.0551 

1.6142 

1.1811 

7.7800 

PWA  723 

PWA  723 

Bearing 

4 

6.4961 

165 

9.0551 

1.6142 

1.1811 

7.78 

PWA  725 

PWA  725 

2 

6.4961 

165 

9.0551 

1.6142 

1.1811 

7.7627 

PWA  725 

PWA  725 

55 


II.  LARGE  ENGINE  NO.  3  MAIN  SHAFT  BEARINGS 


Pitch 

Diameter 

(in.) 

Ring 

Material 

Element 

Material 

Number 

of 

Elements 

Element 

Diameter 

(in.) 

Base-Line 
Curvatures 
Inner  Outer 

Total 

Length 

(in.) 

L/D 

Ratio 

Cage  Type 

11.200 

PWA  725 

PWA  725 

20 

1.5625 

0.525 

0.525 

- 

- 

One-Piece 

Machined 

10.6299 

PWA  725 

PWA  725 

25 

1.125 

0.52 

0.52 

- 

- 

One-Piece 

Machined 

10.6299 

PWA  725 

PWA  725 

25 

1.125 

0.5225 

0.5225 

' 

One-Piece 

Machined 

10.72 

PWA  725 

PWA  725 

32 

0.9055 

- 

- 

0.8976 

0.99 

One-Piece 

Machined 

10.72 

PWA  725 

PWA  725 

32 

0.9055 

0.8976 

0.99 

One-Piece 

Machined 

r.  7800 

PWA  723 

PWA  723 

28 

0.7087 

- 

- 

0.7087 

1.00 

One-Piece 

Machined 

f.78 

PWA  725 

PWA  725 

28 

0.7087 

— 

— 

0.7087 

1.00 

One-Piece 

Machined 

L  7627 

PWA  725 

PWA  725 

26 

0.7411 

0.7600 

1.02 

One-Piece 
Machined  | 

TABLE  XXIV.  LARGE  ENGINE  NO.  4  M 


Bearing 

Width 

Pitch 

n 

Ni 

Location 

Vendor 

ID 

ID 

OD 

ID 

OD 

Diameter 

Ring 

Element 

and  Type 

No. 

(in.) 

(mm) 

(in.) 

(in.) 

(in.) 

(in.) 

Material 

Material 

El' 

No.  1 

1 

3.7402 

95 

5.4336 

1.0074 

1.2300 

4.528 

PWA  725 

PWA  725 

Roller 

Bearing 

2 

3.7402 

5.4336 

1.0074 

1.2300 

4.528 

PWA  725 

PWA  725 

No.  2 

4 

4.33070 

110 

6.2992 

0.9449 

0.947 

5.314 

PWA  725 

PWA  725 

■ 

Ball 

Bearing 

3 

4.33070 

6.2992 

0.9449 

0.947 

5.2999 

PWA  725 

PWA  725 

I 

No.  3 

1 

3.9360 

100 

5.5118 

0.6625 

0.760 

4.723 

PWA  725 

PWA  725 

B 

Roller 

Bearing 

2 

3.9360 

100 

5.5118 

0.6625 

0.760 

4.723 

PWA  725 

PWA  725 

4 

3.9360 

100 

5.5118 

0.6625 

0.760 

4.723 

PWA  725 

PWA  725 

BJ 

No.  4 

3 

4.4488 

113 

7.087 

1.281 

1.1811 

5.6904 

PWA  725 

PWA  725 

K 

Ball 

Bearing 

2 

4.4488 

113 

7.087 

1.281 

1.1811 

5.787 

PWA  725 

PWA  725 

■ 

1 

4.4488 

113 

7.087 

1.281 

1.1811 

5.827 

PWA  725 

PWA  725 

Hi 

No.  4-1/2 
Roller 

4 

3.1050 

79 

4.3116 

0.7874 

1.0236 

3.701 

PWA  725 

PWA  725 

3 

Bearing 

1 

3.1050 

79 

4.3116 

0.7874 

1.0236 

3.701 

PWA  725 

PWA  725 

3 

5 

3.1050 

79 

4.3116 

0.7874 

1.0236 

3.701 

PWA  725 

PWA  725 

3 

No.  5 

Roller 

1 

4.8939 

124.5 

6.7461 

1.063 

0.9449 

5.820 

PWA  725 

PWA  725 

5! 

Bearing 

5 

4.8939 

124.5 

6.7461 

1.063 

0.9449 

5.9339 

PWA  725 

PWA  725 

3 

4 

4.8939 

124.5 

6.7461 

1.063 

0.9449 

5.950 

PWA  725 

PWA  725 

3 

No.  6 

2 

2.5591 

65 

4.2523 

0.9487 

1.4176 

3.372 

PWA  725 

PWA  725 

t 

Roller 

Bearing 

4 

2.5591 

65 

4.2523 

0.9487 

1.4176 

3.353 

PWA  725 

PWA  725 

2 

5 

2.5591 

65 

4.2543 

0.9487 

1.4176 

3.382 

PWA  725 

PWA  725 

2 

57 


I 


LE  XXIV.  LARGE  ENGINE  NO.  4  MAIN  SHAFT  BEARINGS 


Pitch 

Number 

Element 

Ball-Race 

Total 

Diameter 

Ring 

Element 

of 

Diameter 

Curvatures 

Length 

L/D 

(in.) 

Material 

Material 

Elements 

(in.) 

Inner 

Outer 

(in.) 

Ratio 

Cage  Type 

4.528 

PWA  725 

PWA  725 

26 

0.3337 

- 

- 

0.3858 

1.16 

One-Piece 

Machined 

4.528 

PWA  725 

PWA  725 

24 

0.3871 

' 

' 

0.420 

1.09 

One-Piece 

Machined 

5.314 

PWA  725 

PWA  725 

22 

0.625 

0.52 

0.52 

- 

- 

One-Piece 

Machined 

5.2999 

PWA  725 

PWA  725 

22 

0.625 

0.52 

0.515 

' 

One-Piece 

Machined 

4.723 

PWA  725 

PWA  725 

30 

0.3543 

- 

- 

0.3465 

0.98 

One-Piece 

Machined 

4.723 

PWA  725 

PWA  725 

32 

0.3350 

— 

0.360 

1.07 

One-Piece 

Machined 

4.723 

PWA  725 

PWA  725 

30 

0.3543 

— 

— 

0.3543 

1.00 

One-Piece 

Machined 

5.6904 

PWA  725 

PWA  725 

20 

0.750 

0.52 

0.52 

— 

— 

One-Piece 

Machined 

5.787 

PWA  725 

PWA  725 

20 

0.750 

0.53 

0.52 

— 

— 

One-Piece 

Machined 

5.827 

PWA  725 

PWA  725 

20 

0.750 

0.5187/ 

0.5187/ 

- 

- 

One-Piece 

0.5213 

0.5213 

Machined 

3.701 

PWA  725 

PWA  725 

32 

0.2756 

- 

- 

0.3307 

1.20 

One-Piece 

Machined 

3.701 

PWA  725 

PWA  725 

32 

0.2953 

— 

— 

0.3465 

1.17 

One-Piece 

Machined 

3.701 

PWA  725 

PWA  725 

30 

0.2799 

0.3537 

1.26 

One-Piece 

Machined 

5.820 

PWA  725 

PWA  725 

30 

0.4724 

- 

- 

0.4646 

0.98 

One-Piece 

Machined 

5.9339 

PWA  725 

PWA  725 

30 

0.4980 

— 

— 

0.5737 

1.15 

One-Piece 

Machined 

5.950 

PWA  725 

PWA  725 

30 

0.4724 

0.4724 

1.00 

One-Piece 

Machined 

3.372 

PWA  725 

PWA  725 

20 

0.3148 

- 

- 

0.350 

1.11 

One-Piece 

Machined 

j  3.353 

PWA  725 

PWA  725 

24 

0.3150 

— 

0.3150 

1.00 

One-Piece 

Machined 

1 3.382 

PWA  725 

PWA  725 

24 

0.3543 

— 

— 

0.3543 

1.00 

One-Piece 

Machined 

■ 


TABLE  XXV.  LARGE  ENGINE  NO.  5  M / 


Bearing 
Location 
and  Type 

Vendor 

No. 

ID 

(in.) 

ID 

(mm) 

OD 

(in.) 

Width 

Td - Od“ 

(in.)  (in.) 

Pitch 

Diameter 

(in.) 

Ring 

Material 

Element 

Material 

No.  1  Ball 
Bearing 

3 

4.9213 

125 

7.4803 

1.280 

1.280 

6.0008 

PWA  725 

PWA  725  | 

No.  2  Ball 
Bearing 

6 

5.7087 

145 

8.2677 

1.280 

1.280 

6.8900 

PWA  725 

PWA  725 

I 

1 

No.  3 

Roller 

Bearing 

6 

6 • 8898 

175 

9.0551 

1.250 

1.420 

8.015 

PWA  725 

PWA  725  1 

1 

\ 

No.  4 

Roller 

Bearing 

6 

6.6929 

170 

9.0551 

1.300 

1.440 

8.00 

PWA  725 

PWA  725  1 

No.  5 

Roller 

5 

2. *5591 

65 

3.937 

0.700 

1.100 

3.25 

PWA  725 

PWA  725 

Bearing  (1) 

7.8 

2.5591 

65 

3.937 

0.700 

1.100 

3.25 

PWA  725 

PWA  725 

(1)  Outer  Race  Rotation 

59 


I 


RGE  ENGINE  NO.  5  MAIN  SHAFT  BEARINGS 


Ring 

laterial 

Element 

Material 

Number 

of 

Elements 

Element 

Diameter 

(in.) 

Ball-Race 

Curvatures 

Inner  Outer 

Total 

Length 

(in.) 

L/D 

Ratio 

Cage  Type 

>WA  725 

PWA  725 

20 

0.8125 

0.515 

0.52 

One-Piece 

Machined 

>WA  725 

PWA  725 

23 

0.8125 

0.515 

0.515 

One-Piece 

. 

Machined 

WA  725 

PWA  725 

32 

0.6323 

_ 

0.7237 

1.14 

One-Piece 

Machined 

WA  725 

PWA  725 

32 

0.5910 

0.6610 

1.12 

One-Piece 

Machined 


WA  725  PWA  725 
WA  725  PWA  725 


0.3634 

0.354 


0.4587  1.26  One-Piece 

Machined 

0.354  1.00  One-Piece 

Machined 


TABLE  XXVI. 

LARGE  ENGINE  NO.  6  MAIN  SHAFT 

BEARINGS 

l  -  - - - 1  - - - - - - 1 

Bearing 

Width 

Pitch 

Number 

Element 

Location 

Vendor 

ID 

ID 

OD 

ID 

OD 

Diamter 

Ring 

Element 

of 

Diameter 

and  Type 

No. 

(in.) 

(mm) 

(in.) 

(in.) 

(in.) 

(in.) 

Material 

Material 

Elements 

(in.) 

No.  1 
Roller 

5 

3.9370 

100 

5.8781 

1.1417 

1.500 

4.76 

PWA  725 

PWA  725 

20 

0.5512 

Bearing 

4 

3.970 

100 

5.8781 

1.1417 

1.500 

4.76 

PWA  725 

PWA  725 

** 

~ 

7 

3.970 

100 

5.8781 

1.1417 

1.500 

4.76 

PWA  725 

PWA  725 

- 

i 

No.  2 

3 

4.3307 

110 

6.6929 

1.408 

1.1417 

5.5118 

PWA  725 

PWA  725 

18 

0.750 

Ball 

Bearing 

4 

4.3307 

110 

6.6929 

1.408 

1.1417 

5.5118 

PWA  725 

PWA  725 

18 

0.750 

2 

4.3307 

110 

6.6929 

1.408 

1.1417 

5.5118 

PWA  725 

PWA  725 

18 

0.750  i 

9 

4.3307 

110 

6.6929 

1.408 

1.1417 

5.5118 

PWA  725 

PWA  725 

18 

0.750 

No.  3 

3 

6.1024 

155 

8.8583 

1.686 

1.4173 

7.4804 

PWA  725 

PWA  725 

20 

0.90625 

Ball 

Bearing 

4 

6.1024 

155 

8.8583 

1.686 

1.4173 

7.4804 

PWA  725 

PWA  725 

20 

0.90625 

2 

6.1024 

155 

8.8583 

1.686 

1.4173 

7.4804 

PWA  725 

PWA  725 

20 

0.90625 

No.  4 

4 

6.4961 

165 

8.8583 

1.2583 

1.3780 

7.75 

PWA  725 

PWA  725 

32 

0.6299 

Roller 

Bearing 

5 

6.4961 

165 

8.8583 

1.2583 

1.3780 

7.75 

PWA  725 

PWA  725 

32 

0.6299 

No.  5 

4 

3.1496 

80 

4.9213 

2.0079 

1.6535 

4.055 

PWA  725 

PWA  725 

22 

0.4331 

Roller 

Bearing 

2 

3.1496 

80 

4.9213 

2.0079 

1.6535 

4.055 

PWA  725 

PWA  725 

22 

0.4331 

7 

3.1496 

80 

4.9213 

2.0079 

1.6535 

4.055 

PWA  725 

PWA  725 

22 

0.4331 

61 


XXVI.  LARGE  ENGINE  NO.  6  MAIN  SHAFT  BEARINGS 


Pitch 

liamter 

(in.) 

Ring 

Material 

Element 

Material 

Number 

of 

Elements 

Element 

Diameter 

(in.) 

Ball-Race 

Curvatures 

Inner  Outer 

a)  m 

Total 

Length 

(in.) 

L/D 

Ratio 

Cage  Type 

4.76 

PWA  725 

PWA  725 

20 

0.5512 

- 

. 

0.5906 

1.07 

One-Piece 

Machined 

4.76 

PWA  725 

PWA  725 

' 

Rollers  Separable 
from  Cage 

4.76 

. 

PWA  725 

PWA  725 

5.5118 

PWA  725 

PWA  725 

18 

0.750 

52.5 

52 

- 

- 

One-Piece 

Machined 

5.5118 

PWA  725 

PWA  725 

18 

0.750 

52.5 

52 

- 

- 

One-Piece 

Machined 

5.5118 

PWA  725 

PWA  725 

18 

0.750 

52.5 

52 

- 

- 

One-Piece 

Machined 

5.5118 

PWA  725 

PWA  725 

18 

0.750 

52.5 

52 

One-Piece 

Machined 

7.4804 

PWA  725 

PWA  725 

20 

0.90625 

52 

52 

- 

- 

One-Piece 

Machined 

,7.4804 

PWA  725 

PWA  725 

20 

0.90625 

52 

52 

“ 

One-Piece 

Machined 

7.4804 

PWA  725 

PWA  725 

20 

0.90625 

52 

52 

One-Piece 

Machined 

7.75 

PWA  725 

PWA  725 

32 

0.6299 

- 

- 

0.6299 

1.00 

One-Piece 

Machined 

7.75 

PWA  725 

PWA  725 

32 

0.6299 

0.6299 

1.00 

Roller 

Separable 
from  Cage 

4.055 

PWA  725 

PWA  725 

22 

0.4331 

- 

- 

0.4331 

1.00 

One-Piece 

Machined 

4.055 

PWA  725 

PWA  725 

22 

0.4331 

0.4331 

1.00 

Rollers 

Separable 
from  Cage 

4 . 055 

TWA  725 

PWA  725 

22 

0.4331 

0.4331 

1-00 

Rollers 

Separable 
from  Cage 

'7 v 


TABLE  XXVII. 

SMALL  ENGINE  NO 

.  1  MAIN  SHAFT  SEALS 

i  -  i 

Seal 

Method 

Pressure 

Location 

Secondary 

Of 

Nose 

Face 

Pitch 

Balance 

and 

Seal 

Spring 

Width 

Width 

Diameter 

Ratio 

Type 

Type 

Loading 

(in.) 

(in.) 

(in.) 

m 

No.  1  Compart- 

Piston 

Wave 

0.030/ 

0.150 

2.634 

55 

ment  Forward 
Dry  Face  Seal 
(CDJ-83) 

Ring 

Washer 

0.020 

No.  1  Compart- 

Piston 

Bellows 

0.035/ 

0.148 

2.555 

55 

ment  Aft  Dry 
Face  Seal 

Ring 

Spring 

0.030 

No.  2  Compart- 

Piston 

Bellows 

0.035/ 

0.150 

2.929 

81 

ment  Forward 
Dry  Face  Seal 

Ring 

Spring 

0.030 

No.  2  Compart- 

Piston 

Bellows 

0.035/ 

0.150 

3.414 

55  | 

ment  Aft  Dry 
Face  Seal 

Ring 

0.030 

i  - - 1 

r 


TABLE  XXVin. 

SMALL  ENGINE  NO. 

2  MAIN  SHAFT  SEALS 

Seal 

Location 

and 

Type 

Secondary 

Seal 

Type 

Method 

Of 

Spring 

Loading 

Nose 

Width 

(in.) 

Face 

Width 

(in.) 

Pitch 

Diameter 

(in.) 

Pressure 

Balance 

Ratio 

(%) 

No.  1  Ring 
Seal 

None 

None 

0.040 

0.037 

3.811 

- 

No.  2  Dry 
Face  Seal 

Piston 

Ring 

Springs 

0.080 

0.150 

3.702 

67 

No.  3  Dry 
Face  Seal 

Piston 

Ring 

Springs 

0.060 

0.150 

3.702 

67 

63 


TABLE  XXIX.  LARGE  ENGINE  NO.  1  MAIN  SHAFT  SEALS 


Seal 

Location 

and 

Type 

Secondary 

Seal 

Type 

Method 

Of 

Spring 

Loading 

Nose 

Width 

(in.) 

Face 

Width 

(in.) 

Pitch 

Diameter 

(in.) 

Pressure 

Balance 

Ratio 

(%) 

No.  1  Dry 
Face  Seal 

Piston 

Ring 

Springs 

0.095/ 

0.085 

6.31 

63.3 

No.  2  Dry 

Face  Seal 

Piston 

Ring 

Springs 

0.095/ 

0.085 

6.36 

63.3 

No.  3  Dry 

Face  Seal 

Piston 

Ring 

Springs 

6.96 

63.3 

No.  4  Dry 

Face  Seal 

Piston 

Ring 

Springs 

6.76 

63.3 

No.  4 1/2 
Triple 

Carbon 

Riding  Ring 
Seal 

None 

Wave 

Washer 

No.  5  Dry 

Face  Seal 

Piston 

Ring 

Springs 

pvm 

Mil 

0.156 

7.018 

63.3 

No.  6 

Ring  Seal 

None 

None 

- 

- 

- 

- 

No.  6 

Back-to- 
Back  Ring 

Seal 

None 

Wave 

Washer 

’v  'tor*? 


TABLE  XXX.  LARGE  ENGINE  NO. 

2  MAIN  SHAFT  SEALS 

Seal 

Method 

Pressure 

Location 

Secondary 

Of 

Nose 

Face 

Pitch 

Balance 

and 

Seal 

Spring 

Width 

Width 

Diameter 

Ratio 

Type 

Type 

Loading 

(in.) 

(in.) 

(in.) 

<%) 

No.  4 1/2 
Three  Stage 
Carbon 

Riding  Ring 
Seal 

None 

Wave 

Washer 

No.  5  Dry 

Face  Seal 

Piston 

Ring 

Springs 

0.085/ 

0.075 

0.200 

6.127 

66 

No.  6  Ring 

Seals 

None 

None 

- 

- 

- 

- 

No.  6  Back-* 
to- Back 

Ring  Seal 

None 

Wave 

Washer 

TABLE  XXXI.  LARGE  ENGINE  NO.  3  MAIN  SHAFT  SEALS 


Seal 

Location 

and 

Type 

Secondary 

Seal 

Type 

Method 

Of 

Spring 

Loading 

Nose 

Width 

(in.) 

Face 

Width 

(in.) 

Pitch 

Diameter 

(in.) 

Pressure 

Balance 

Ratio 

<9f) 

No.  1  Dry 

Face  Seal 

Piston 

Seal 

Ring 

Springs 

0.105 

0.095 

0.150 

10.215 

64.7 

No.  1  1/2 
Front  and 

Rear  Dry 

Face  Seal 

Piston 

Seal 

Ring 

Springs 

0.105/ 

0.095 

0.150 

9.815 

65 

No.  4  Ring 

Seal  Back- 
to-Back 

None 

Wave 

Washer 

65 


TABLE  XXXn.  LARGE  ENGINE  NO.  4  MAIN  SHAFT  SEALS 


Seal 

Location 

and 

Type 

Secondary 

Seal 

Type 

Method 

Of 

Spring 

Loading 

Nose 

Width 

(in.) 

Face 

Width 

(in.) 

Pitch 

Diameter 

(in.) 

Pressure 

Balance 

Ratio 

(%> 

No.  1  Dry 
Face 

Piston 

Ring 

Springs 

0.120/ 

0.100 

0.200 

4.576 

66 

No.  2  Dry 
Face 

Piston 

Ring 

Springs 

0.130/ 

0.110 

0.150 

5.4977 

66 

No.  3  Dry 
Face 

Piston 

Ring 

Springs 

0.130/ 

0.110 

0.150 

4.868 

66 

No.  4  Wet 
Face 

Piston 

Ring 

Springs 

0.085/ 

0.065 

0.200 

5.300 

68 

No.  4  1/2 
Triple 

Carbon 

Riding 

Ring  Seal 

Ring 

Seal 

Wave 

Washer 

No.  5 

Wet  Face 

Piston 

Ring 

Springs 

0.070/ 

0.050 

0.200 

6.200 

67.5 

No.  6 

Back-to- 
Back  Ring 

Seal 

Wave 

Washer 

66 


TABLE  XXXm.  LARGE  ENGINE  NO. 

5  MAIN  SHAFT  SEALS 

Seal 

Location 

and 

Type 

Secondary 

Seal 

Type 

Method 

Of 

Spring 

Loading 

Nose 

Width 

(in.) 

Face 

Width 

(in.) 

Pitch 
Diameter 
(in. ) 

Pressure 

Balance 

Ratio 

(%) 

No.  1  Dry 
Face  Seal 

Piston 

Seal 

Ring 

Springs 

0.080/ 

0.070 

0.150 

6.753 

65 

No.  1-2 

Front  and 

Rear  Dry 

Face  Seal 

Piston 

Seal 

Ring 

Springs 

0.080/ 

0.070 

0.150 

6.25 

66.8 

No.  2  Dry 

Face  Seal 

Piston 

Seal 

Ring 

Springs 

0.080/ 

0.070 

0.150 

6.753 

65.2 

No.  3  Wet 

Face  Seal 

Piston 

Seal 

Ring 

Springs 

0.120/ 

0.100 

0.200 

8.16 

67.5 

No.  4  Wet 

Face  Seal 

Piston 

Seal 

Ring 

Springs 

0.120/ 

0.100 

0.200 

8.16 

67.5 

No.  5  Back- 
to-Back 


None 


Wave 

Washer 


TABLE  XXXIV.  LARGE  ENGINE  NO. 

6  MAIN  SHAFT  SEALS 

Seal 

Location 

and 

Type 

Secondary 

Seal 

Type 

Method 

Of 

Spring 

Loading 

Nose 

Width 

(in.) 

Face 

Width 

(in.) 

Pitch 

Diameter 

(in.) 

Pressure 

Balance 

Ratio 

(%> 

No.  1  Dry 

Face  Seal 

Piston 

Ring 

Spring 

0.210/ 

0.190 

0.200 

5.382 

67 

No.  2  Front 
and  Rear 

Dry  Face 

Seals 

Piston 

Ring 

Springs 

0.130/ 

0.120 

0.200 

5.12 

65 

No.  3  Wet 

Face  Seal 
(Front) 

Piston 

Ring 

Springs 

0.130/ 

0.120 

0.200 

5.12 

65 

No.  3  Wet 

Face  Seal 
(Rear) 

Piston 

Ring 

Springs 

0.130/ 

0.120 

0.200 

7.08 

85  ; 

No.  4  Comp. 
Front  and 

Rear  Wet 

Face  Seals 

Piston 

Ring 

Springs 

0.120/ 

0.100 

0.225 

7.514 

70 

No.  5  Dry 

Face  Seal 

Piston 

Ring 

Springs 

0.140/ 

0.120 

0.200 

6.286 

67 

68 


TABLE  XXXV.  SMALL  AND  LARGE  ENGINE  PERFORMAN 


I 

i 

I 


Engine 

SLTO 
Corrected 
Airflow  Into 
Engine 
(PPS) 

SLTO 

Corrected 

Airflow  Into 
High  Compressor 
(PPS) 

Low  Rotor 
Speed  at 
SLTO 
(rpm) 

High  Rotor 
Speed  at 
SLTO 
(rpm) 

SLTO  Engine 
Thrust 

With 

Augmentation 

(lbf) 

Engine 

SLTO  Ei 
Thru 
Withou 
Augment' 
(lbf) 

Small  Engine  1 

8.36 

NA* 

16,300 

36,000 

NA 

NA 

Small  Engine  2 

52.5 

NA 

33,000 

37,500 

NA 

CO 

«• 

Small  Engine  3 

6.4 

NA 

16,000 

NA 

NA 

NA  1 

Large  Engine  1 

461 

55.5 

6,560 

9,730 

NA 

18,0 

Large  Engine  2 

315 

48 

8,800 

12,250 

NA 

14,0 

Large  Engine  3 

1480 

127.1 

3,742 

8,084 

NA 

43, 5( 

Large  Engine  4 

255.8 

28.7 

10,528 

14,760 

25,100 

14, 5( 

Large  Engine  5 

393 

62.8 

8,000 

12,150 

33,400 

18, If 

Large  Engine  6 

224 

54.9 

10,130 

13,200 

28,131 

16,41 

*NA  -  Not  applicable  or  available 

GINE  PERFORMANCE  AND  ROTOR  DYNAMIC  CHARACTERISTICS 


■ 

Engine  Parameters 

Engine 

ust 

th 

station 

>f) 

SLTO  Engine 
Thrust 
Without 
Augmentation 
(lbf) 

SLTO  Engine 
Thrust  to 
Weight  Ratio 
With 

Augmentation 

SLTO  Engine 
Thrust  to 
Weight  Ratio 
Without 
Augmentation 

SLTO  Thrust 
Specific  Fuel 
Consumption 
tsfc 

With 

Augmentation 

(Ib/hr/lb) 

SLTO  Thrust 
Specific  Fuel 
Consumption 
tsfc 

Without 
Augmentation 
(lb/hr /lb) 

Maximum 

Compressor 

Blade 

Tip  Speed 
(f/s) 

A 

NA 

NA 

NA 

NA 

NA 

NA 

3,300 

NA 

7.06 

NA 

0.995 

1200 

NA 

NA 

NA 

NA 

NA 

1735 

\ 

18,000 

NA 

4.24 

NA 

0.535 

1425 

\ 

14,000 

NA 

4.52 

NA 

0.565 

1400 

43,500 

NA 

5.14 

NA 

0.365 

1430 

,100 

14,560 

6.31 

3.66 

2.45 

0.686 

1520 

,400 

18,100 

7.45 

4.03 

2.06 

0.500 

1460 

,131 

16,415 

8.22 

6.1 

2.1 

0.642 

1450 

TABLE  XXXVI.  CALCULATED  BEARING  CHARACTERISTICS 
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TABLE  XXXVI.  CALCULATED  BEARING  CHARACTERISTICS  (CONTINUED) 


TABLE  XXXVI.  CALCULATED  BEARING  CHARACTERISTICS  (CONTINUED) 
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Figure  2.  Roller  Element  Geometry. 


Figure  3.  Ball  Bearing  Geometry. 
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Figure  6.  High  Rotor  Roller  Bearings  at  Sea  Level  Figure  7.  Low  Rotor  Seals  at  Sea  Level  Takeoff;  Seal 
Takeoff;  Bearing  Bore  Diameter  vs  Cor-  Pitch  Diameter  vs  Total  Corrected  Airflow 

rected  Airflow  Into  High  Compressor.  Into  Engine. 


CORRECTED  AIRFLOW  INTO  HIGH  COMPRESSOR  -  Ib/sec 

Figure  8.  High  Rotor  Seals  at  Sea  Level  Takeoff;  Seal  Pitch  Di 
ameter  vs  Corrected  Airflow  Into  High  Compressor. 
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Figure  10.  Low  Rotor  Bearings  at  Sea  Level  Takeoff;  Pitch  Di 
ameter  vs  Element  Rotational  Speed. 
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Figure  11.  High  Rotor  Ball  Bearings  at  Sea  Level  Takeoff;  Pitch 
Diameter  vs  Element  Rotational  Speed. 
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Figure  12. 
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Figure  18.  High  and  Low  Rotor  Roller  Bear 
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Figure  19.  High  and  Low  Rotor  Seals  at  Sea  Level  Takeoff;  Total  Face  Pressure  vs  Rubbing 
Velocity . 


Sea  Level  Takeoff;  Pitch  Diameter  vs  Pressure  Gradient, 
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Figure  22.  Low  Rotor  Ball  Bearings  at  Sea  Level  Takeoff;  nd^  Ratio  vs  Total  Corrected  Airflow 
Into  Engine. 


Low  Rotor  Ball  Bearings  at  Sea  Level  Takeoff;  Pitch  Diameter  Ratio  vs  Total  Corrected 
Airflow  Into  Engine. 
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COMPRESSOR  -  Ib/soc 

Figure  29.  High  Rotor  Roller  Bearings  at  Sea  Level  Takeoff; 

Element  Diameter  Ratio  vs  Corrected  Airflow  Into 
High  Compressor. 


Figure  30.  Low  Rotor  Ball  Bearings;  nd2  Ratio  vs  Pitch  Diameter. 
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Figure  31.  High  and  Low  Rotor  Roller  Bearings;  nd£  Ratio  vs  Pitch  Diameter. 


Figure  32.  High  and  Low  Rotor  Ball  Bearings  and  Low  Rotor  Roller  Bearings;  Pitch  Diameter  Ratio 
vs  Bore  Diameter. 


Figure  33.  High  Rotor  Roller  Bearings;  Pitch  Diameter  Ratio  vs  Bore  Diameter. 


